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DEVELOPING A HYBRID EXPERT SYSTEM PROGRAM TO 
AID IN THE DESIGN OF PLASTIC INJECTION MOLDING PROCESS 
by 
Karim Shelesh-Nezbad 
ABSTRACT 
Experts in injection molding often refer to previous solutions to find a mold design 
similar to the current mold and use previous successful molding process parameters 
with intuitive adjustment and modification as a start for the new molding application. 
This approach saves a substantial amount of time and cost in experimental based 
corrective actions which are required in order to reach optimum molding conditions. 
A Case-Based Reasoning (CBR) System can perform the same task by retrieving a 
similar case which is applied to the new case from the case library and uses the 
modification rules to adapt a solution to the new case. Therefore, a CBR System can 
simulate human e~pertise in injection molding process design. 
This research is aimed at developing an interactive Hybrid Expert System to 
reduce expert dependency needed on the production floor. The Hybrid Expert 
System (HES) is comprised of CBR, flow analysis, post-processor and trouble 
shooting systems. The HES can provide the first set of operating parameters in order 
to achieve moldability condition and producing moldings free of stress cracks and 
warpage. In this work C++ programming language is used to implement the expert 
system. 
The Case-Based Reasoning sub-system is constructed to derive the optimum 
magnitude of process parameters in the cavity. Toward this end the Flow Analysis 
sub-system is employed to calculate the pressure drop and temperature difference in 
the feed system to determine the required magnitude of parameters at the nozzle. The 
Post-Processor is implemented to convert the molding parameters to machine setting 
parameters. The parameters designed by HES are implemented using the injection 
molding machine. In the presence of any molding defect, a trouble shooting sub-
system can determine which combination of process parameters must be changed 
iii 
during the process to deal with possible variations. Constraints in relation to the 
application of this HES are as follows. 
- flow length (L) constraint: 40 mm < L < I 00 mm, 
- flow thickness (Th) constraint: 
-flow type: 
- material types: 
I mm < Th < 4 mm, 
unidirectional flow, 
High Impact Polystyrene (HIPS) and Acrylic. 
In order to test the HES, experiments were conducted and satisfactory results 
were obtained. 
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CHAPTER 1 
INTRODUCTION 
1.1 Current situation in injection molding industry 
Injection Molding is one of the most important production processes accounting 
for the widespread use of plastics. In today' s society it would be absolutely 
impossible to imagine circumstances where plastics could be considered absent from 
our everyday life. 
The first patent for injection molding was granted in the United States in 1872 to 
John Hyatt, for what was termed a stuffing machine plunger injection molding 
machine. The next major development occurred in 1951 when William H. Willert, 
also in the United States, developed the reciprocating screw plastiCizer for injection 
molding machines. The most recent major development concerns the process controls 
that permit controlling the plastic melt (Rosato, 1986). 
Development of advanced machinery technology and introduction of new plastic 
materials in recent years have made injection molding an attractive proposition for 
producing a large range of plastic parts. This process makes it possible to produce 
parts of geometrical complexity with an excellent surface quality and dimensional 
stability in just a single operation. Injection molding has the advantage that molded 
parts can be manufactured economically in unlimited quantities with little or 
practically no finishing operations. 
The competitiveness and performance of an injection molding company are 
assessed by performance, quality and price of products. According to Palson (1986), 
the surveys of injection molders show that the most profitable molders have the 
highest rates of production time (up-time) and the lowest rates of molded part rejects. 
A major requirement in maximizing production qualities and minimizing rejects is to 
solve problems on the production floor quickly. 
The solution to molded part problems seems to be an art that has been 
successfully practiced for long time by molders. Solutions to similar problems seem to 
change from mold to mold, plastic to plastic and even from day to day. A good 
molding is attained only via the accumulation of expertise or expensive time 
consummg iteration of prototype tooling due to the difficulty and inaccuracy m 
predicting the performance of the design before the physical entity is made. 
To assist the plastics injection industry, a number of simulation programs have 
been developed such as Moldflow (Austin, 1993) and C-Mold (AC. Tee, 1994). 
However, the usefulness of these programs demands the correct interpretation of a 
vast amount of analytical data. To obtain this expertise would require a long period of 
training through field practice and verification. Unfortunately, this costly and time-
consuming process is not an option for many plastics manufacturing companies. On 
the other hand, the incorrect use of computer results would totally negate the 
potential benefits offered by software programs. 
During recent years the molding industry has expanded rapidly however the skills 
of operating personnel have not advanced as rapidly. Due to the complexity of the 
injection molding process and the complex behavior of plastic materials, expertise has 
been in short supply, expensive and hard to acquire. 
1.2 Application of Expert Systems in Injection Molding 
Automated manufacturing operations make it crucial to correct production 
problems with the utmost speed and certainty. Plant personnel relying on traditional 
trial-and-error experimentation can no longer compete in this environment. To correct 
production flows with the required speed and certitude demands the use of 
microprocessor and AI systems to give unambiguous instructions (Bernhardt, 1991 ). 
Applications ofExpert Systems in the field ofthe plastic injection molding include 
product design and process design. Steadman (1995), Kwai-Sang (1995) and Kwai-
Sang (1996) demonstrated the utility of expert systems for plastic product design. 
With the inputs of rough part design features and requirements, these systems can 
automatically select the appropriate plastic material and generate the major injection 
mold or part design features. 
There have been three major groups of intelligent systems suggested for injection 
molding process design in the past. 
Group One: Trouble Shooting Expert Systems (Bernhardt, 1991; Jan, 1993; Tan, 
1995). 
2 
Group Two: Expert System in conjunction with Simulation Program to design the 
molded part and the molding process before mold is made ( Kim, 1987). 
Group Three: Expert Systems in conjunction with close loop control injection 
molding machines ( Inaba, 1990; Wu, 1991). 
The designers of these systems assume that the first trial setting of the molding 
process is a guess work and their strategy is to identify the problem of process and 
to perform a set of corrective actions to deal with it. 
These systems can only provide qualitative not quantitative solutions. Therefore, 
corrective actions are continued till an optimum molding design is reached. 
The reason why these systems are not be able to suggest the first trial setting is 
because it is theoretically very difficult to model the process and to find a good first 
setting. These systems use the cause and effect strategy and they let the variations 
take place before trying to deal with them. Depending on how able or lucky the 
operator may be, the estimated trial setting could be close to or far from an optimum 
setting. Therefore, this strategy is often very time consuming on the way to reaching 
an optimum solution. 
In the molding industry, the first trial of setting parameters is established using 
guesswork. Experts in injection molding use their previous experiences and, based on 
the similarity of the new molding situation and previous molding situation, adapt a 
solution as a first trial to meet the molding requirement. To be a expert molding 
practitioner requires many years experience. Generally, there is a shortage of such 
practitioners in the plastic industry. 
Therefore, there is a need to develop an Expert System capable of estimating the 
first trial of processing parameters. In this work a Hybrid Expert System was 
developed which consists of Case-Based Reasoning (CBR) and Flow Analysis 
Programs to determine a set of processing parameters as a first trial setting. 
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1.3 CBR Technique in Injection Molding Design 
Experts in injection molding often refer to previous solutions to find a molding 
design similar to the current molding and use previous successful molding parameters 
with intuitive adjustment and modification for the new molding application. This 
approach saves a substantial amount of time and cost in experimental based corrective 
actions needed to reach the optimum molding conditions. A CBR System can perform 
the same task by retrieving the similar cases to the new case from the case library and 
uses the modification rules to adapt a solution to the new case. Therefore, a CBR 
System can simulate human expert strategy in injection molding process design. 
1.4 Contribution of present research 
This research is an effort to develop an interactive Hybrid Expert System (HES) to 
reduce expert dependency at production floor. In this work C++ programmmg 
language has been used to implement the expert system due to its power in 
knowledge representation, inferencing, analysis and ease of use. The HES comprises 
CBR, flow analysis, post-processor and trouble shooting systems. 
An Expert System can provide guidance to plant operating personnel to: 
-start up an operation, 
- to correct problems as they arise in a well running operation. 
The focus of this work is on the former approach to provide the first trial set of 
operating parameters in order to achieve moldability condition and producing 
moldings free of stress cracks and warpage. 
HES considers the following important aspects m designing the molding 
conditions. 
( 1) Moldability- ability to obtain a full shot molding under a certain set of process 
parameters, 
(2) Shear stress condition- to avoid high internal stress in molded part, 
(3) Uniform temperature along the flow- to avoid part deformation (warpage), 
(4) Material processing recommended ranges- including recommended lower bond 
and upper bond of melt temperature, mold temperature and maximum allowable 
shear stress. 
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In previous research works a number of relationships have been established to 
relate processing parameters to flow dimensions to obtain moldability condition. 
These relationships can linearly relate: pressure to flow length; log (pressure) to log 
(flow thickness); melt temperature to flow length. 
In this research linear relationships were assumed to relate: melt temperature to 
flow thickness; mold temperature to flow length and flow thickness; injection time to 
flow length and flow thickness. The result obtained from these relationships agreed 
well with experimental analysis in terms of obtaining moldability condition. 
In this research it was observed that the above relationships can relate the flow 
dimensions to processing parameters of injection molding not only to obtain 
moldability but also to obtain uniform temperature and stress conditions. 
Therefore linear relationships were used to develop a CBR system. Constraints in 
relation to application of expert system are as follows. 
-flow length (L) constraint: 40 mm < L < 100 mm, 
-flow thickness (Th) constraint: 1 mm < Th < 4 mm, 
-flow type: unidirectional flow, 
-material type: High Impact Polystyrene (HIPS) and Acrylic. 
1.5 The goal and tasks of this thesis 
In chapter two, the fundamental principles of injection molding process, 
traditional design strategy, common defects in molding parts, principal of rheology in 
injection molding as well as application of simulation programs in injection molding 
are reviewed. 
In chapter three, the fundamental principles of Expert Systems, application of 
expert systems in injection molding and previous related works are discussed and 
subsequently CBR is described and its application in injection molding is introduced. 
In chapter four, the theory and the philosophy behind the thesis is developed. In 
this chapter the objective and the quality requirement of injection molding process in 
term of moldability and shear stress conditions are presented. The important features 
of molded parts which affect the magnitude of optimum parameters are presented. 
Subsequently, the relationships between required processing parameters and flow 
dimensions are illustrated. 
5 
In chapter five the development of HES, including CBR, flow analysis, post-
processor and trouble shooting programs is described in detail. Implementation of the 
CBR system is described in three stages. The first stage of CBR implementation is to 
determine an adequate number of basic successful cases called frame cases for the 
system library development. Each frame case includes the molding cavity features 
and corresponding optimum operating parameters. The second stage of CBR 
implementation is ranking the frame cases to relate the features of the new problem 
to the existing solutions (i.e. four frame cases). To search for the existing solutions, 
IF - THEN rules are applied to find out the similarities between new problem features 
and existing solutions. The third stage of CBR implementation entails the use of 
existing solutions (corresponding frame cases) to derive the new solution by taking 
into account the differences between the newly defined problem and the previously 
developed frame cases. 
Subsequently, the melt flow analysis is carried out by the Hybrid Expert System to 
find the pressure drop, temperature difference and shear rate in the mold feed system. 
By stringing the feed system sections (gate, runner and sprue) together one after the 
other along the flow, the total pressure drop and the temperature difference of the 
molten flow over the entire feed system can be calculated. 
Finally the post-processor program is introduced to compute the machine setting 
parameters including the ram velocity, machine stroke length, switch over position, 
cooling time, holding time and holding pressure. 
In chapter six experimental equipment and procedure of experiments are described. 
Experimental equipment including injection molding machine, mold, cooling system, 
oil heater system and material dryer is demonstrated. Experiment procedures, 
including all steps of molding experiments and process monitoring, are described. 
In chapter seven validation of HES is demonstrated and four experiments are 
presented using Moldflow simulation and analysis program and injection molding 
machine. The first experiment is conducted to validate the processing parameters 
derived using HES especially with regard to the moldability condition. In this 
experiment High Impact Polystyrene [HIPS] was used as processing material since it 
is a general purpose material in molding industries. The second and third experiments 
are conducted to validate the processing parameters derived using HES especially 
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with regard to the stress condition. In these experiments Acrylic is used as processing 
material since it is a stress sensitive material. In experiment four, a radial flow 
molding was considered. The processing parameters which were determined by HES 
were implemented using Molflow 2D and 3D. Following the results were analyzed in 
terms of moldability, temperature distribution and stress conditions. 
In chapter eight, the development procedures of experiments one and two which 
are conducted by HES are presented. 
Finally concluding remarks and recommendations for future research studies are 
presented. 
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CHAPTER2 
INJECTION MOLDING PROCESS 
2.1 Injection Molding Process fundamentals 
Plastics injection molding (PIM) is a process by which plastic powders are melted 
and pressurized into impression cavities to form complex three dimensional parts with 
desired surface quality and dimensional stability in a single operation. 
This process is one of the most important production methods accounting for the 
widespread use of plastics. In the recent years there has been a trend toward the 
increased use of plastic in the manufacturing of highly sophisticated equipment such 
as precision gears and optical components (Inaba, 1990). This trend has made the 
injection molding process an attractive proposition for a wide range of consumer and 
engineering products. 
Injection molding machines for processing plastics, derived from metal casting 
process, started world-wide with the US patent issued in 1872 to John W. Hyatt 
(Bown, 1979). The major components of plastic injection molding machines are 
shown in Figure 2.1. 
1 
(1) mold (2) ram screw (3) hydraulic system 
Figure 2.1 Schematic of an injection molding machine 
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The reciprocating-screw performs the multiple functions of metering resin from 
the hopper into the mixing chamber of barrel, melting the material by the screw's 
shearing action in addition to the external heating of the cylinder, and finally acting as 
a plunger to inject the melt into the mold cavity. 
The main molding parameters in injection molding are shown in Table 2.1. These 
operating parameters have to be chosen in a way to reach the part quality 
requirements. 
Table 2.1 The main molding parameters in injection molding 
1 Injection speed 9 Shot size 
2 Speed steps 10 Cushion 
3 Packing pressure 11 Nozzle temperature 
4 Packing steps 12 Barrels tem1Jerature 
5 Packing time 13 Clamping force 
6 Maximum injection pressure 14 Mold temperature 
7 Back pressure 15 Ejector speed 
8 Screw speed 16 Decompression 
There are four major conditions that subsequently affect the properties of the 
molded plastic part. These conditions include: 
(I) The melt temperature as the material leaves the heating barrel; 
(2) Injection pressure; 
(3) Flow rate or injection time; 
( 4) Mold temperature. 
These four molding conditions are the primary factors determining molded part 
characteristics. 
The optimum setting parameters are affected by molding material, flow pattern 
and geometry of the molding part. Material manufacturers often provide a set of 
processing parameters range for customers. These ranges are considered as boundary 
conditions in optimizing the molding process. 
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A preliminary Mold 
Type ofPlastics material 
11---~ 
Recommended range 
Starting with a set 
operating conditions 
of material processing 
parameters 
Implementation of parameters 
on the machine 
No 
Is there any defect? I____. Optimum operating 
conditions 
Yes 
Type of defects 
1. Short shot 
2. warpage 
l 
Suggesting the corrective actions 
1. Increase pressure 
2. Increase temperature 
Suggesting the magnitude of changes 
Figure 2.2 Traditional design strategy in injection molding. 
10 
2.2 Traditional Design Strategy in Plastic Injection Molding (PIM) 
The design in injection molding includes the creation of the geometry of the part 
and mold and the choice of material and processing parameters. The solution to 
molded part problems seems to be an art that has been successfully practiced by 
molders. Solutions to similar problems seem to change from mold to mold, material 
to material and even from day to day. A good molding is attained only via the 
accumulation of expertise or expensive time consuming iteration of prototype tooling 
due to the difficulty and inaccuracy in predicting the performance of the design before 
the physical entity is made. 
A molding practitioner requires many years' working experience to become an 
expert. Generally, there is a shortage of such practitioners in the plastics industry. 
Traditionally, problem-solving is accomplished by trial-and-error. This approach 
needs massive time, expertise and cost (machine, operator, material and mold). A 
traditional design strategy is shown in Figure 2.2. 
II 
2.3 Molding Defects in Injection Molding 
Molding defects in Injection Molding can be caused by the following faults: 
- Design faults of the molded part (e.g. wall thickness accumulations, wall thickness 
differences); 
- Design faults of the mold (e.g. unfavorable sprue, unfavorable or wrongly placed 
cooling); 
-Machine-technical fault (e.g. wrong machine size or equipment); 
-Injection technical faults (e.g. injection speed too slow). 
In practice, it is very hard to allocate the molding fault to any one of these 
categories. In molding trouble shooting it is often better to start from the appearance 
of the molding fault and to correct in steps. The mold will only be changed when 
there is no chance to prevent a fault as regards to injection molding technology 
(Engel, 1989). The most frequent molding defects are described in Tables 2.2 - 2. 7 
(K.I.M. W, 1992; Engel, 1989). 
Table 2.2 Description of short shot. 
FAULT 
CHARACTERISTIC 
REASON 
SOLUTION 
Short Shot 
The molded part is not completely filled. 
The pressure loss in the mold is too large or polymer 
melt freezes before the molded part is filled. It can also 
happen as a result of low selected shot volume. 
Increase the shot volume; 
Increase the injection pressure; 
Increase the melt temperature; 
Increase the mold temperature; 
Increase the injection speed; 
Enlargement of runner and gate. 
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Table 2.3 Description of flashing. 
FAULT 
CHARACTERJSTIC 
REASON 
SOLUTION 
Flash Formation 
Material flows out of the mold from the mold 
parting surfaces. 
Clamping force is not sufficient to seal the mold. 
Increase the clamping force; 
Earlier change over from filling to holding stage; 
Reduce injection speed; 
Reduce melt temperature; 
Reduce mold temperature; 
Reduce holding pressure; 
Check of mold for damage. 
Table 2.4 Description of warpage. 
FAULT 
CHARACTERJSTIC 
REASON 
SOLUTION 
Warpage 
The molded part deviates from the desired shape either 
immediately after demolding or some time later. 
Warpage is due to the internal stresses m the molded 
part or uneven post - shrinkage. 
Changing the molding conditions; Mold temperature, 
Melt Temperature, Injection speed, Switchover 
position, Modification of molded part. 
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Table 2.5 Description of stress cracks. 
FAULT 
CHARACTERISTIC 
REASON 
SOLUTION 
Stress Cracks 
On the molded part surface, often at bores and sharp 
edge, progressive cracks appear in flow direction. 
High shear stress during mold filling. 
Changing the molding conditions; Mold temperature, 
Melt Temperature, Injection speed, Switchover time, 
Modification of molded part. 
Table 2.6 Description of sink marks. 
FAULT 
CHARACTERISTIC 
REASON 
SOLUTION 
Sink marks 
Appear at thick-section molded parts or at wall 
thickness transitions in a deviation from the requested 
shape. 
Due to the volume concentration during the cooling 
process it comes to a build-up of internal stresses in the 
molded part center due to the freezing of the outer 
zone. When these are large enough, plastic 
deformation of the outer layer occurs. 
Reduction of the injection speed; reduction of the melt 
temperature; increase in the post-injection pressure; 
increase in the post-injection time; enlargement ofthe 
gate; avoidance of material accumulations and wall 
thickness transitions. 
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.. 
Table 2. 7 Description of weld lines 
FAULT 
CHARACTERISTIC 
REASON 
SOLUTION 
Weld Lines 
Visible lines at the places of the injection molded part 
surface where two melt fronts meet one another. 
Due to cooling during injection it is no longer 
possible to inject the cavity fully without marking when 
two melt fronts meet one another. 
Increase the melt temperature; 
Increase the mold temperature; 
Vary injection speed. 
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2.4 Guesswork experiments 
Traditional guesswork can produce parts with good or poor quality in the first trial 
molding. A number of experiments were conducted using guess working approach. 
Two experiments which caused short shot and flashing are presented in the following 
sections. 
2.4.1 Guesswork experimentation and Flashing 
In this experiment a random set of parameters were set usmg the injection 
molding machine. The set parameters were as follows: 
Melt Temperature (0 C) 245 
Mold Temperature CC) 50 
Specific Injection Pressure (MPa) 43.5 
Hydraulic Pressure (bar) 80 
Switch Over Length (mm) 5 
Plasticizing Stroke (mm) 65 
Injection Speed (mm/sec) 60 
Holding Time (sec) 5 
Cooling Time (sec) 22 
The molded part produced under the above conditions had flashes around the edge as 
Figure 2.3 shows. 
Figure 2.3 Molding produced with flashes under a random set of processing parameters. 
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According to Table 2.3, the solutions in dealing with flashing were as follows: 
• Increase the clamping force; 
• Earlier change over from filling to holding stage; 
• Reduce injection speed; 
• Reduce melt temperature; 
• Reduce mold temperature; 
• Reduce holding pressure; 
• Check mold for damage. 
The above solutions were utilized to deal with flashing. The first solution was to 
increase the clamping force to hold the mold platens firmly together. However, the 
adjusted clamping force was already within its maximum range. The second solution 
was then attempted to reduce the amount of material which was injected in the mold 
by earlier switch over from the filling stage to the holding stage. To do so the switch 
over position was adjusted on 15 mm, meaning 10 mm earlier than the previous 
setting which was 5 mm. The new setting was implemented using the injection 
molding machine. In this trial a full shot molding was produced and moldability was 
achieved. A full shot molding was obtained by using this trial-error approach. The 
solution provided by the trouble shooting guide was qualitative and it did not provide 
the actual magnitude of parameter for the switch over position. 
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2.4.2 Guesswork experimentation and Short Shot 
In this experiment a random set of parameters were implemented using the injection 
molding machine taking into consideration the recommended ranges of melt and mold 
temperature. The set parameters were as follows: 
Melt Temperature ('C) 205 
Mold Temperature ('C) 50 
Specific Injection Pressure (.MPa) 14.5 
Hydraulic pressure (bar) 40 
Switch Over Length (mm) 10 
Plasticizing Stroke (mm) 60 
Injection Speed (mrnlsec) 80 
Flow rate (cu.crnlsec) 51.4 
Holding Time (sec) 5 
Cooling Time (sec) 22 
The above processing parameters were set using the injection molding machine. The 
molded part obtained was short shot as shown in Figure 2.4. 
Figure 2.4 Short Shot molding produced using random setting. 
According to Table 2.2, the solutions of short shot defect were as follows: 
• Increase the shot volume; 
• Increase the injection pressure; 
• Increase the melt temperature; 
• Increase the mold temperature; 
• Increase the injection speed; 
• Enlarge runner and gate. 
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The first solution was to increase the shot volume. However, this solution was not 
feasible due to the fact that the amount of material injected was less than the shot 
volume which was adjusted (the amount of material injected can be seen from the 
ram position in the injection molding machine). The second solution was 
subsequently considered to increase the injection pressure. The hydraulic pressure 
was increased to 100 (bar). The new trial was implemented using the injection 
molding machine and a full shot molding was produced as illustrated in Figure 2.5. 
Figure 2.5 A full shot molding obtained using trial and error approach. 
19 
2.5 The Role of Rheology in Injection Molding Process 
The rheological properties of a polymer melt play a central role in Injection 
Molding Process. These properties govern the way the melt deforms and flows in 
response to the applied forces. 
2.5.1 Viscosity effects 
In the mold filling, it is the viscosity, along with the thermal properties, that 
governs the ability of the melt to fill the mold, that is, the pressure required to force 
the melt through the runner and gate and into the cavity. Molten plastics have a 
rheological behavior that is much more complicated than of a Newtonian liquid. With 
Newtonian fluids the viscosity remains constant at all rates of shear, which is the rate 
of fluid layer sliding over the next layer. The viscosity of molten plastics depends not 
only on the temperature but also on the shear rate. In fact, the viscosity of a melt 
decreases as the shear rate increases (Bown, 1979). Fluids that behave in this way are 
said to be Pseudoplastic. 
According to Austin (1985), the empirically derived equation (2.1) is used to 
describe the phenomenon. 
Vis= A* (SR) 8 * exp (T *C) 
Where: 
A = Viscosity factor , 
B = Shear sensitivity factor, 
C = Temperature sensitivity factor, 
SR = Shear rate (Sec -I) , 
T =Temperature ( °C) and 
Vis = Viscosity (Pas * Sec). 
(2.1) 
Therefore viscosity is affected by shear rate, temperature and type of material 
being processed. 
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2.5.2 Shear Stress And Shear Rate 
The stress in molten plastic generated during injection molding is called shear 
stress which orientates the material i.e. causes the molecules to align themselves in 
the general direction of the flow. The shear stress varies from a maximum at the 
outside dropping off to zero at the center of the flow. Equation (2.2) (Rosato, 1986) 
can describe the relationship between shear stress, viscosity and shear rate as: 
1: =Vis* SR (2.2) 
Shear stress is purely a function of force and area. This must not be confused 
with shear rate, which is the rate of plastic sliding over the next layer. Shear rate is 
zero at the outer edge where the plastic is frozen, rises to a maximum just inwards of 
the frozen layer, then drops towards the center of the flow (Austin 1985). According 
to Rosato (1986), maximum shear rate in a circular channel may be written using 
equation (2.3) and in a rectangular channel using equation (2.4). 
SR = 6 * Q I (w * h2 ) or SR= 6v /h 
Where: 
Q = flow rate of molten plastic, 
R = radius of flow channel for circular sections, 
w = width of flow channel for rectangular sections, 
h = thickness of flow channel for rectangular sections, 
v = flow velocity. 
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(2.3) 
(2.4) 
2.5.3 Injection Pressure 
The pressure required to fill the mold is called injection pressure. This pressure 
takes two forms in injection molding; namely dynamic and static pressure (Brydson, 
1981 ). 
During mold filling, the dynamic injection pressure is determined by the ram 
speed, geometry of the system and viscosity characteristics of the melt. Maximum 
pressure eventually builds up once the mold cavity is filled. At this stage, i.e. when 
the mold is full, there is no shear flow and the pressure is called static pressure. 
The pressure drop of molten plastics in the mold can be divided into three 
components: 
(i) The pressure drop through heated channels (i.e. injection barrel, nozzle), which is 
called delivery pressure (Ph), 
(ii) The pressure drop in the mold feed system (i.e. runner, sprue and gate) (Pf). 
(iii) The pressure drop in the mold cavity (Pc). 
Hence the total pressure drop Pm can be written as: 
Pm = Ph + Pf + Pc (2.5) 
The pressure drop can increase with: 
(i) Decreasing the cross-section of the flow channel; 
(ii) Increasing the flow length; 
(iii) Increasing in the melt viscosity (which depends on temperature and flow rate). 
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2.5.4 Calculating the pressure drop 
In calculating the pressure drop the flow channel can be divided into several 
elements. 
Considering one element (Austin, 1985), the following equation applies: 
p 
L 
P * w * h = 1: * 2 ( w * L) 
Therefore 
P = (2L I h) 1: 
Where 1: is the shear stress, which can be calculated by: 
1: =Vis* SR 
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(2.6) 
2.5.5 Calculating the frictional heating 
The heat generated by friction during the mold filling is called frictional heating. 
Ifwe know the velocity (v) of molten fluid, then we can calculate the heat generated 
(8Hrric) and the temperature difference (L1 T) during a short period of time (8t) 
(Austin, 1985). 
Tl T2 
~ ··········· .. ~.*B=\uu >! 
Therefore, 
8H tnc = 2*-r * w * L * ( v * 8t) 
L1 T = 8H tnc I (L *w*h * SHg * den) 
Where: 
8H fric = Heat generated by friction 
L1 T = Temperature difference 
-r = Shear stress 
v = Velocity 
SHg =Specific Heat (gravity) 
den = Density 
L = Length of section 
w = Width of section 
h = Height of section. 
(2.7) 
(2.8) 
According to the above analysis, a system for predicting the pressure drop and 
temperature difference over a single section is derived. A system that links sections 
together follows. By stringing the sections together one after the other along the 
flow, the total pressure drop and the temperature difference of the molten flow can 
be calculated as shown in equations (2.9 and 2.10). 
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~p (total}= ~PI+ ~P2 + ..... + ~n-1 + ~Pn (2.9) 
(2.1 0) 
2.6 Simulation Programs in PIM Design 
According to Bernhardt (1987), computerized process simulation of injection 
molding replaces the traditional trial and error method for molding optimization. The 
inherent complexity of injection molding process makes the traditional methods 
inadequate. Computer simulation is the only way to analyze molding operations to 
obtain a full understanding of the interrelationships of part design, processing 
conditions and part quality. 
According to Caren (1990), plastic filling analysis is a finite element program that 
calculates how plastic will flow into a mold or part. Using viscosity data specific to 
material, specified processing conditions (melt and mold temperature and fill time or 
fill rate) and model of the part or mold, the program calculates the required pressure 
flow fronts, shear stress (which is an indication of molded-in stress), changes in 
temperature of the plastic as it fills, and the clamp force that is required to keep the 
mold closed. 
Wubken (1984), Schumacher (1984), Kim· (1985) and Schwarz (1985) studied 
melt flow behavior inside the mold cavity. Models developed by Williams (1975) and 
Tadmor (1977) have dealt with the flow in the mold feed system. In experimental 
works of. Spencer (1949; 1950; 1951) various analyses of the mold filling have been 
reported. 
Spencer (1949) studied the filling process visually and derived an empirical 
equation for the determination of the filling time. More flow visualization 
experiments were reported (Kamal, 1972; Han, 1977; Trochu, 1993). 
Wu (1974) developed a model based on different assumptions. In this work, the 
effects of mold temperature and filling time on the temperature distribution through 
the cavity were presented. Austin (1985) developed a simplified flow simulation 
program which can predict the pressure drop along the expected path line using a 
Newtonian flow model. 
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Figure 2.6 Moldflow 2D simulation program design philosophy. 
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A simulation program can simulate the events in the mold cavity to find the 
optimum molding conditions. These events include filling pattern, flow balancing, air 
entrapment and weld line position, cavity pressure distribution, cavity temperature 
distribution, shear rate and shear stress distributions along the flow. A simulation 
program can simplifY the corrective actions to obtain optimum design parameters. 
To assist the plastics injection industry, a number of computer-based simulation 
programs, such as Moldflow (Austin, 1993) and C-MOLD (AC. Tee, 1994), have 
been developed. At present, these simulation software packages are regarded as two 
of the world leading packages in predicting the flow behavior of molten plastics in 
closed mold cavities. However, the usefulness of simulation programs demands the 
correct interpretation of a vast amount of analytical data. To obtain this expertise 
would require a long period of training through field practice and verification. 
Unfortunately, this costly and time-consuming process is not an option for many 
plastics manufacturing companies. On the other hand, the incorrect use of computer 
results would totally negate the potential benefits offered by the simulation program. 
It is very critical to compare Moldflow and C-MOLD programs. They both can 
use Autocad (CAD) to create the 3D wire frame model and they both can be 
displayed on workstations or PC computers. Moldflow and C-MOLD use the same 
philosophy in determining the molding process. However, according to Yeung 
(1997), in C-MOLD there is a good link between: part design; injection mold 
design and injection processing. This advantage of C-MOLD can speed up the design 
process. Figure 2.6 shows the design strategy used by experts in the advanced 
simulation and analysis program Moldflow 2D. 
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In Moldflow 2D (two dimensional) analysis the design parameters for optimizing 
the process are illustrated in Table 2.8. 
Table 2.8 Design parameters in Moldflow 2D analysis. 
Analyze a single flow 
Flow Number 1 
Mold temperature: 63.50 °C 
Melt temperature: 260.25 °C 
Injection time: 
Flow rate: 
SECT PRESS 
NUM 
MPa 
1) 10.71 
2) 8.04 
3) 5.36 
4) 2.68 
0.62 sec 
25.55 cu.cm/s 
PRESS PRESS 
DROP GRAD 
MPa MPa/m 
2.67 130.40 
2.68 130.55 
2.68 130.69 
2.68 130.83 
STRESS 
MPa 
0.196 
0.196 
0.196 
0.196 
SHEAR TEMP COOLING 
RATE TIME 
1/s oc sec 
264.516 260.21 24.97 
264.516 260.17 24.97 
264.516 260.13 24.97 
264.516 260.09 24.96 
In this table, the flow path has been divided into four sections and each column 
shows corresponding parameters for each section. 
Column 1 shows which section is being analyzed. 
Column 2 shows the actual pressure at the start of each section. 
Column 3 shows the pressure drop over that section. 
Column 4 shows the pressure gradient (pressure drop per unit length). 
Column 5 shows the stress level during filling. This gives a good indication of the 
quality of the part and warns of problems such as warping or stress cracking. 
Column 6 shows the shear rate. For each material there is a maximum allowable value 
of shear rate and shear stress. 
Column 7 shows the temperature at the end of each section, the difference between 
heat lost by conduction, and frictional heating. 
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Column 8 shows the actual cooling time for each section. 
In optimizing the molding conditions, the operating parameters are selected which 
have constant pressure drop and constant temperature along the flow and having the 
shear stress and shear rate under maximum recommended values. These conditions 
are required for obtaining moldability condition and producing moldings free of 
warpage and stress cracks. 
According to Austin (1993), the first step in optimizing the molding conditions is 
to optimize the fill time for a given mold and melt temperature. A compromise must 
be adapted between too fast an injection rate which gives excessive frictional heating 
and too slow an injection rate which allows the plastic to lose too much heat. 
Therefore, it is desirable to have the temperature constant throughout the cavity. 
The shear stress must be within limits. If the injection rate is too fast, shear stress 
level will be too high along the flow. If the injection rate is too slow, the stress will be 
too high at the end of flow and the melt will then be very cold. 
If the pressure and stress levels exceed allowable limits then a different 
combination of mold and melt temperature must be evaluated. Usually melt 
temperature has far more effect than mold temperature. If conditions are not 
satisfactory, it is useful to raise melt temperature first. If the melt temperature is 
approaching critical values for material then mold temperature can be raised. Usually 
higher melt temperature gives lower stress levels and filling pressure. However, the 
cooling times will be longer. 
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CHAPTER3 
EXPERT SYSTEM APPLICATION 
3.1 Expert System definition 
Expert Systems are programs which contain the knowledge of one or more 
experts in a clearly defined specialist area. The purpose of such systems is to guide 
the operator in problem-solving. 
Various research groups in Artificial Intelligence have developed specialized 
expert systems containing the expertise needed to solve problems in the different 
fields. Non-manufacturing applications of Expert Systems include: Expert Systems 
for medical diagnosis and treatments (Shortliffe, 1976) and (Weiss, 1978); symbolic 
integration (Moses, 1967); chemical structure analysis (Stefik, 1978) and (Buchanan, 
1978). Applications of Expert Systems in manufacturing include: product design 
(Mostow, 1987); process planning (Mark, 1989), (Kusiak, 1988), (Chang, 1988), 
(Cutkosky, 1988), (Descotte, 1981) and (Mouleeswaran, 1984); process monitoring 
and control (D'Ambrosio, 1987); forging-sequence design (Takata, 1990); 
manufacturing systems design (Eloranta, 1990); design of production management 
systems (Eloranta, 1983). 
Two important forms of Expert Systems are the Rule-Based and Case-Based 
Reasoning Systems which are described in this chapter. 
3.2 Rule-Based Expert Systems (RBS) 
3.2.1 Architecture of Rule-Based Expert Systems 
Rule-Based Expert Systems encode their knowledge as a large set of domain 
specific "if-then" rules. These systems have two basic elements; 
1. Knowledge base 
2. Inference engine. 
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Knowledge base: 
In a Rule Based Expert System, the knowledge base consists of facts and rules 
which govern the problem domain. 
A fact is a simple expression "a piece of knowledge". 
A rule is represented with the following format: 
IF (condition) THEN (action). 
The condition part is supplied by user, fact base or another rule. 
Inference Engine 
The brain of any Expert System is the Inference Engine. The Inference Engine 
(IE) is a computer program which performs reasoning to reach the solution. The IE 
has three major elements (Turban, 1992) as follows: 
* An interpreter (rule interpreter) executes the chosen agenda items by applying the 
corresponding knowledge based rules. 
* A scheduler maintains control over the agenda. It estimates the effects of applying 
inference rules in the light of item priorities or other criteria on the agenda. 
* A consistency enforcer attempts to maintain a consistent representation of the 
emerging solution. 
The structure of a Rule-Based Expert system is depicted in Figure 3 .1. 
Data Acquisition System 
Knowledge-Based 
Facts 
Rules 
1 
Interpreter 
Scheduler 
Inference Engine 
Figure 3.1 Structure of a Rule-based Expert System. 
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Figure 3.2 Development procedures for Rule-Based Expert Systems (Jan, 1991). 
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3.2.2 Development Procedure of Rule-Based Expert Systems 
According to Figure 3 .2, the following stages have to be accomplished to develop 
a knowledge-based system. 
(1) Knowledge Acquisition; (2) Knowledge Analysis; 
(3) Knowledge Base Construction; (4) System Test and Correction. 
(1) Knowledge Acquisition: 
Knowledge acquisition ts a complete understanding of problem space. 
Knowledge is often divided into two general categories: 
-Heuristic knowledge 
-Model based knowledge. 
Heuristic knowledge is based on associations made from frequent observations 
which sometimes are termed as rules-of-tumb. 
Model based knowledge is based on a firm theoretical understanding of the 
phenomena. For instance, flow analysis and heat transfer equations are model based 
knowledge. 
There are five major methods to collect the knowledge; 
- Knowledge obtained from published work, 
- Research and experimental work, 
- Knowledge from industries and manufacturer, 
-From expert operation personnels 
- Knowledge from simulation programs. 
(2) Knowledge Analysis: 
To make the expert system more efficient, knowledge must be analyzed. 
Knowledge analysis makes the system action more meaningful and minimizes the 
knowledge-base size. 
(3) Knowledge Base Construction: 
According to the information provided from knowledge analysis, the appropriate 
methods and tools to build the knowledge base and inference engine of the system 
can be selected. 
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( 4) System Test and Correction: 
Once the prototype system is built, the system is tested by the user who provides 
feedback to the domain expert and knowledge engineer. This is continued until the 
expert system is accepted by the user. 
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3.2.3 Restrictions ofRule-Based Systems (RBS) 
There are several reasons for the limited use of Rule-Based expert systems. It is: 
- difficult to acquire expertise knowledge, 
- difficult to convert expertise knowledge into rules, 
- the expert system tool is not easy to use, 
-limitations on hardware facilities (data storage, computing time). 
3.2.4 Applications of Expert Systems in Injection Molding 
There are a number of reasons for the utilization of Expert Systems in Injection 
Molding: 
(I) The process is complicated, 
(2) There are many variations in the process (for instance, variation in mold and melt 
temperature), 
(3) There is a need to have expertise more readily available on the production floor. 
Applying Expert Systems for Injection Molding necessitates a complete 
understanding of all facets of the production process including detailed knowledge 
not only of the molding machine, the mold and resin, but also of the part being 
molded and ofits quality specifications (Bernhardt, 1991). 
3.2.5 Previous Related Works 
Applications of Expert Systems in the field of plastic injection molding include 
product design and process design. Steadman (1995), Kwai-Sang (1995) and Kwai-
Sang (1996) demonstrated the utility of expert systems in plastic product design. 
With the inputs of rough part design features and requirements, these systems can 
automatically select the appropriate plastic material and generate the major injection 
mold or part design features. 
There are three major groups of intelligent systems which have been developed to 
design and to optimize the injection molding process. 
Group One- Trouble Shooting Expert Systems (Bernhardt, 1991; Jan, 1993; Tan, 
1995). 
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Group Two- Expert System in conjunction with Simulation Program to design the 
molded part and the molding process before the mold is made with respect to 
moldability and mechanical acceptability (Kim, 1987). 
Group Three- Expert Systems in conjunction with close loop control injection 
molding machines (Inaba, 1990; Wu, 1991 ). 
Review of Group One -Trouble Shooting Expert Systems (Bernhardt, 1991; Jan, 
1993; Tan, 1995). 
One ES has been developed for trouble-shooting in injection molding. This system 
called SASS stands for situation analysis and solution system (Bernhardt, 1991). 
SASS follows the consistent logic which is applied to analyze injection molding 
operation and solve molding problems. Following initial analysis of the situation 
through a number of questions, the next task is to determine possible causes of 
problems and to identify the most probable one. The final step is to select and 
implement a sequence of appropriate corrective actions. 
SASS is a dynamic package which the user can customize to include the specific 
conditions that apply uniquely to particular molding operations. This way, one can 
customize the software for the resin, mold and machine. 
An Interactive ES for IM of thermoplastics has also been developed (Jan, 1993). 
This system was used off-line at factory floors to solve operating variations 
interactively with the operators. This ES is hierarchical and offers the corrective 
actions which are easily achieved rather than being capable of identifying the most 
likely solution. The solutions offered by this system fall into three categories; first, 
changing the operating parameters, second, changing the material and third, changing 
the mold itself The corrective actions are bounded by the recommended operating 
conditions window, but this restriction may be overridden by the user. The 
influencing variables are ranked from previous knowledge, in terms of their likelihood 
of being responsible for the variation. For instance, for short shot, insufficient 
injection pressure is given rank= 1, while insufficient injection speed is given rank= 
0.8. 
An expert system for injection molding defect correction has been developed (Tan, 
1995). In this work propositional logic was used to represent machine setting 
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knowledge while fuzzy logic was used to search for an acceptable machine setting 
through a set of correction actions. The expert system was tested using a simulation 
package for cases of short shot and sink marks. 
Comment on Group One-
These systems do not design the process parameters at the first place. The 
strategy of these systems is to identify the problems and to perform a set of 
corrective actions to deal with them. They suggest the changes of parameters 
qualitatively with a small amount at each stage. These changes are not calculated 
according to the magnitude of the process variations. These systems are restricted 
to general solutions rather than specific and, in brief, the above referenced systems 
are very time consuming in optimizing the processing parameters. 
Review of Group Two- Expert System in conjunction with Simulation Program to 
design the molded part and the molding process before mold is made (Kim. 1987). 
A Knowledge-Based Synthesis System for 1M was developed (Kim, 1987). This 
system is used interactively with a simulation CAD system to eliminate the need for 
costly iterations of prototype tooling. It can be used to design the molded part and 
the molding process before mold is made. This system integrates the heuristic 
knowledge and theoretical analysis of the injection molding process. 
Flow simulation forms the core of the analysis system because it generates the 
necessary thermomechanical data base for further analysis. The Knowledge-Based 
System can diagnose design and is based on the heuristic rules developed from expert 
designers and the analytical results from process simulation. 
The current Knowledge-Based (KB) System contains decision rules and 
mathematical models only with respect to moldability and mechanical acceptability (in 
term of microstructural anisotropy within the part). More information about the 
Injection Molding Process must be supplied to the current KB in order to evaluate 
and modify the overall design requirements. 
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Comment on Group Two-
This work is not able to design the processing parameters at the first place and it 
is dependent on using simulation programs to obtain the optimum molding conditions 
by applying the trial and error approach. Therefore, design process using this system 
demands expertise and can be very time consuming. 
Review of Group Three- Expert Systems with close loop control injection molding 
machines (Inaba, 1990; Wu, 1991). 
An Expert System for IM machine to support stable conditions during long time 
production has been developed (Inaba, 1990). This system works with a closed loop 
computer control machine. The data monitoring system is used to observe the 
abnormalities of the current molding process in comparison to previous normal stable 
molding conditions. Attention in this work has been paid on the rectification of 
molding defects generated principally by external disturbances during the course of 
mass production injection molding processes. The system can perform two functions; 
first to check whether or not there is a divergence between the correct parameters 
setting conditions or working environment and those which applied in the previous 
stable molding period. Second, where a divergence is discovered, appropriate 
modifications are made through interaction with the operator. 
This system applies two types of inferencing: 
1. The system makes inferencing as to the cause of the defects on the basis of 
abnormal data using production system conditions which contain rules of the 
production process. 
2. Weight matrix calculation which include statistical analysis of experimental data. 
An order of priority is assigned by inferencing to the underlying cause which has been 
inferred by those parameters which are to be modified. 
The modification operation is then initiated and the target parameters are modified in 
their assigned order. 
Development of an on-line cavity pressure-based Expert System for injection 
molding (Wu, 1991 ). A cavity pressure pattern-based approach to develop an expert 
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system is discussed in this paper. This is an attempt to extract information not seen by 
the operator and emulate the expert's reasoning through heuristic techniques with the 
aid of nozzle pressure and ram position input information. 
Measuring the cavity pressure is an effective way to foreseeing what happens 
inside the mold and enables the detection of process variations and abnormal cavity 
pressure patterns. Under the correct molding setup, a standard curve of cavity 
pressure can be obtained. It is a method for distinguishing a variety of cavity pressure 
patterns and provides the operator or machine controller with the necessary 
information to correct the setup until a standard pressure pattern is achieved. To 
distinguish the different cavity pressure patterns, the data file containing cavity 
pressure, nozzle pressure and ram position is converted into a string of numbers. 
These numbers stand for certain special characteristics of the curve. With the data 
string and necessary rules, it is possible to perform pattern matching by comparing 
the current data string to the representative data strings stored in the database. The 
information needed for setup correction is then provided once pattern matching is 
satisfied. In this work the simplified mathematical models are used for process 
description. The standard curve has to be derived by trial and error. 
Comment on Group Three 
In these systems two main functions are: First, to identify the divergence between 
current setting conditions and previous setting conditions; Second, where a 
divergence is discovered the appropriate modifications are made by operator or 
machine controller. 
These works are useful in maintaining stable conditions during the long term 
production process because production process variations often occur periodically. In 
these works, the initial set up done by guesswork. Therefore, it is very difficult and 
time consuming finding the standard patterns of processing parameters applicable for 
molding requirements. 
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3.2.6 Discussion on previous Expert Systems Applied in Injection Molding 
Process 
As discussed m the previous section, there have been three major groups of 
intelligent systems suggested for injection molding process in the past. The designers 
of these systems assume that the first trial setting of the molding process is a guess 
and their strategy is to identify the problem of process and to perform a set of 
corrective actions to deal with it. 
These systems can only provide qualitative solutions and not quantitative. 
Therefore, the corrective actions are continued till an optimum molding design is 
reached. 
The reason why these systems are not be able to suggest the first trial setting is 
because it is theoretically very difficult to model the process and to find a good first 
setting. These systems use the cause and effect strategy and they let the variations 
take place before trying to deal with them. Depending on how good or how lucky the 
operator may be, the guessed trial setting could be close or far from an optimum 
setting. Therefore, this strategy is often very time consuming prior to reaching an 
optimum solution. 
In the molding industry, the first trial of setting parameters is established by 
guessing. Experts in injection molding use their previous experience and based on the 
similarity of the new molding situation and previous molding situation adapt a 
solution as a first trial to meet the molding requirement. To be a expert molding 
practitioner requires many years experience. Generally, there is a shortage of such 
practitioners in the plastic industry. 
Therefore, there is a need to develop an Expert System capable of guessing the 
first trial of processing parameters. In this work a Hybrid Expert System was 
developed which consisted of Case-Based Reasoning and Flow Analysis Programs to 
determine a set of processing parameters as a first trial setting. This system can 
reduce: the dependency on human expertise needed at production floor level; the 
dependency on simulation programs. 
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3.3 Case-Based Reasoning Systems 
3.3.1 Background and Significance 
Expertise and human expert reasoning in some applications can not be fitted in a 
RBS format because often experts can not communicate their experiences in rule 
format. 
During the problem solving, experts remember similar previous situations and 
adapt a solution for the current problem. The Case-Based Reasoning approach solves 
the problems by remembering past similar situations and then uses the relevant 
solutions and modifies them to account for differences in the two situations. 
Therefore, A Case-Based Reasoning System can better simulate the reasoning 
process that an expert follows. The use of prior cases that have been successfully 
performed results in considerable savings in time and expertise utilization. Some 
advantages of CBR System are as follows (Turban, 1992 ) : 
1. Knowledge acquisition is improved: easier to build, simpler to maintain, cheaper to 
develop and support. 
2. Experts feel better discussing concrete cases (not general rules). 
3. Complete formalized domain knowledge (which is required with rules) IS not 
required. 
4. Processing time is faster. 
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Figure 3.3 Case-Based Reasoning Flowchart (Turban, 1992). 
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3.3.2 Architecture of Case-Based Reasoning System 
The structure of a CBR System is shown in Figure 3.3 (Turban, 1992).The 
elements of CBR System structure can be described as: 
( 1) Assign Indexes: Features of the new event are assigned as indexes characterizing 
the event. 
(2) Retrieve: The indexes are used to retrieve a similar past case from memory. The 
past cases contain the prior solution. 
(3) Modify: The old solution is modified to conform to the new situation. An 
appropriate modification can account for changes in various features. 
( 4) Test: The proposed solution is tried out. It either succeeds or fails. 
(5) Assign and Store: If the solution succeeds, then assign indexes and store a 
working solution. The successful plan is then incorporated into the case memory. 
(6) Explain, Repair, and Test: ifthe solution fails, then explain the failure, repair the 
working solution, and test again. 
(7) Similarity Metrics: If more than one case is retrieved from the memory, the 
similarity metrics can be used to decide which case is most likely satisfies the current 
situation. 
(8) Modification Rules: No old case is going to be an exact match for a new 
situation. The old case must be modified to fit the new environment. Knowledge 
about the kind of factors that can be changed and how to change them is required (is 
identified and explained). 
(9) Repair Rules: Once an expectation fails, the system tries to alter the plan to fit the 
new situation. 
3.3.3 Previous works on CBR Systems 
There are two major classes of CBR systems that can be identified: problem-
solving CBR and precedent-based CBR (Kolonder, 1988). Precedent-based CBR is 
distinguished by its focus on the use of past cases (" precedents") to justify a solution 
and explain its rationale. On the other hand, in problem-solving CBR, the typical 
focus is on using past cases to find a detailed problem solution (i.e., a plan, a course 
of action) where a new solution is generated by adapting a previous solution. 
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Fundamental research issues in CBR include methods of indexing cases for 
storage and retrieval, methods for efficiently organizing case memory, case retrieval 
algorithms, selection of best cases, and methods for effectively combining case-based 
reasoning with the heuristic method. Methods such as nearest-neighbor analysis, 
statistical weighting methods, weight of evidence methods, and preference heuristic 
have been used for choosing relevant cases from memory (Rissland, 1989). 
Approaches for modification of cases and their solutions include generalization and 
refinement heuristics and utilization of rules for individual dimensions that a case may 
have (Hammond, 1986), (Barletta, 1988), (Kolodner, 1988), (Sycara, 1988), 
(Rissland, 1989) and (Barletta, 1989). 
There are many different examples of systems constructed using a case-based 
reasoning methodology. Applications of CBR in non-manufacturing fields include: 
CASEY System (Koton, 1988) used in the field of medicine; JUDG (Bain, 1991) is a 
CBR system applied in the field of law; A case-based reasoning system called 
ARCHIE (Kolodner, 1991) was developed to help architects to design buildings. 
Applications of CBR in manufacturing include: Process planning (Mar, 1992) and 
(Champati, 1993); Automated weld-process design (O'Connor, 1992); 
Manufacturing systems design (Pan, 1991 ); Assembly sequence planning (Pu, 1991 ). 
Some manufacturing applications of CBR systems are described as follows: 
One paper examined the domain of assembly sequence planning (ASP) and 
analyzed how CBR techniques can be applied to such a domain (Pu, 1991). ASP 
problems are a type of constraint-oriented design problems in a sense that a goal is to 
be achieved while a set of constraints are to be satisfied. The objective of this work 
was to provide a sequence to assemble a number of parts so that the final 
configuration (a set of constraints) of products is satisfied. 
The objective of this paper was to demonstrate the usefulness of CBR in 
manufacturing system design (Pan, 1991). A Case-Based expert system called XBE 
(eXpert system By Example) was used to implement such system. The variables 
\ 
describing the cases contained information on the structure of a company, its 
products, manufacturing process, resources and market. 
One system was implemented for automatic construction of process plans (Mar, 
1992). This system integrated the design and manufacturing process and enabled 
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construction of plans to make the part without the need for manual interpretation of 
the shape of the part or an expert process planner. The shape description system, the 
process planner and the interfaces were developed in LISP programming language. 
3.3.4 CBR Technique in Injection Molding Design 
Experts in injection molding often refer to previous solutions to find a molding 
design similar to the current molding and use previous successful molding process 
parameters with intuitive adjustment and modification as a start for the new molding 
application. This approach saves a substantial amount of time and cost in 
experimental based corrective actions that are required in order to reach the optimum 
molding conditions. A CBR System can perform the same task by retrieving a similar 
case (or cases) which is applied to the new case from the case library and uses the 
modification rules to adapt a solution to the new case. Therefore, a CBR System can 
simulate human expert in injection molding process design. The CBR system is the 
best approach to injection molding process design due to the fact that it mirrors the 
expert. 
3.4 Contribution of present research 
A Hybrid Expert System (HES) consists of Case-Based Reasoning (CBR), flow 
analysis and Rule-Based System (RBS) programs developed to aid the design of 
injection molding processing parameters. HES considers following important aspects 
in designing the molding conditions. 
(1) Moldability- ability to obtain a full shot molding under a certain set of process 
parameters, 
(2) Shear stress condition- to avoid high internal stress in molded part, 
(3) Uniform temperature along the flow- to avoid part deformation (warpage), 
(4) Material processing recommended ranges- including recommended lower bond 
and upper bond of melt temperature, mold temperature and maximum allowable 
shear stress. 
This research integrated the available knowledge of injection molding and 
extended it to cover more aspects of the problem process. Based on a number of 
assumptions, interesting results were obtained which are in well agreement with 
45 
experimental analysis. In previous research works a number of relationships have 
been established to relate processing parameters to flow dimensions to obtain 
moldability condition. These relationships can linearly relate: pressure to flow length; 
log (pressure) to log (flow thickness); melt temperature to flow length. 
In this research linear relationships were assumed to relate: melt temperature to 
flow thickness; mold temperature to flow length and flow thickness; injection time to 
flow length and flow thickness. The result obtained from these relationships was in 
well agreement with experimental analysis in term of obtaining moldability condition. 
In this research it was observed that the above relationships can relate the flow 
dimensions to processing parameters of injection molding not only to obtain 
moldability but also to obtain uniform temperature and stress conditions. 
Therefore linear relationships were used to develop a CBR system. Constraints in 
relation to application of expert system are as follows. 
- flow length (L) constraint: 40 mm < L < 100 mm, 
- flow thickness (Th) constraint: 
-flow type: 
- material type: 
1 mm<Th<4mm, 
unidirectional flow, 
High Impact Polystyrene (HIPS) and Acrylic. 
In order to test the HES, experiments were conducted and satisfactory results 
were obtained. 
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CHAPTER4 
PHILOSOPHY AND THEORY OF THESIS 
4.1. Objective 
The objective of this thesis is to design the processing parameters of injection 
molding process. The main processing parameters of injection molding are melt 
temperature (Tmelt), mold temperature (Tmoid), injection time (IT) and injection 
pressure (P). These processing parameters are designed to obtain moldability 
condition and to avoid stress cracks and warpage. 
Moldability: 
It is the ability to produce a full shot molding under a set of processing 
parameters. According to Tables 2.2 and 2.3, low temperature, pressure and flow rate 
can cause short shot and high temperature, pressure and flow rate can cause flashing. 
Warpage: 
Warpage or part deformation can be caused by: formation of high shear stress 
during the mold filling process; non uniform distribution of temperature along the 
flow in the cavity (Austin, 1993). Therefore, processing parameters are selected in 
order to have uniform temperature along the flow and shear stress less than specified 
allowable for processing material. The material manufacturers often provide material 
specifications including the allowable value of shear stress for any particular material. 
Stress cracks: 
According to Austin (1993 ), stress cracks can be generated in the molded parts 
due to the formation of high shear stress during the injection molding process. 
Therefore, processing parameters are selected in order to have a shear stress less than 
the specified allowable value for processing material. 
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4.2 Design of processing parameters 
A molding can be divided into two parts, the cavity and the feed system (feed 
system includes gate, runner and sprue) as depicted in a Figure 4.1. Cavity is the 
required product and the feed system is a channel to connect the cavity to the 
injection unit. 
(1) SPRUE 
(3) GATE 
(2)RUNNER 
(4) CAVITY 
Figure 4.1 A molding with two identical cavities 
In order to obtain the processmg parameters including melt temperature and 
required pressure at injection unit (nozzle), the following calculations are conducted 
from the cavity backward to the feed system including gate, runner and sprue in 
order. 
PNozzle = P cavity + .1P gate + .1P runner + .1P sprue (4.1) 
T Nozzle = T cavity + .1 T gate + .1 T runner + .1 T sprue (4.2) 
According to equation (4.1), the pressure required at the nozzle is equal to the 
pressure drop in feed system plus pressure required in the cavity. According to 
equation ( 4.2), the temperature required at nozzle is equal to temperature required at 
the cavity plus the temperature difference in the feed system. 
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4.2.1 Design of processing parameters in the cavity 
Processing parameters in the cavity can be obtained using simulated experimental 
relationships. In establishing these relationships, samples (cases) are required and the 
first task is to obtain a number of successful cases. Each case includes the cavity 
features (case features) and its processing parameters. In this work cases are designed 
in order to achieve moldability and to prevent warpage and stress cracks. 
4.2.1.1 Determination of case features 
The processing parameters of injection molding are affected by the type of 
material and the geometry of the molded part. In this research the geometrical effect 
was brought into account. The geometries of molded parts are different from each 
other and it can be very complex. However the major geometrical features which 
directly affect the process parameters are type of flow (i.e. unidirectional or radial), 
flow length and flow thickness (Austin, 1993). Therefore case features can be 
classified as type of material, type of flow, flow length and flow thickness. 
Type of Material: 
Every material has its own specifications including viscosity, specific heat, thermal 
conductivity and density which are different from other materials. Different materials 
need different processing parameters. 
Type of Flow: 
There are two major flow types including unidirectional and radial as depicted in 
Figure 4.2. In the unidirectional flow material enters the cavity from the edge while in 
the radial flow melt enters the cavity from the center. Flow behaviors and 
subsequently optimum process parameters of radial and unidirectional flows differ 
from each other. 
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L 
Figure 4.2 Comparison of radial flow and unidirectional flow. 
Flow Length (L): 
The distance from the gate location (where flow enters the cavity) to the end of 
flow in the cavity is considered as flow length. The flow length can be often 
determined by visualizing the flow as it enters the cavity. 
Flow Thickness (Th): 
Injection molding parts have generally a constant thickness along the flow and it 
can be measured. 
Flow width: 
In the unidirectional flow the width of flow does not affect the processmg 
parameters. According to the flow analysis equations which were described in chapter 
two, only flow length (L) and flow thickness (Th) dimensions contribute in the 
calculations of shear rate (SR), flow velocity (v), shear stress ('t) and pressure drop 
(11p). These processing parameters are independent of width of flow. It means two 
flows with equal flow length, thickness and speed but different width, have similar 
processing conditions including shear stress (1:) and pressure drop (11p). Therefore, 
flow width is not considered as a case feature. 
According to chapter two, the following flow analysis equations show that shear 
stress and pressure drop are independent of the flow width dimension. 
where 
SR = 6 v/Th v =Lit t= SR *Vis 
t = filling time 
L = flow length 
v = flow velocity 
SR =shear rate 
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11p= (2L/Th) 1: 
Th = flow thickness 
Vis = viscosity 
The above conditions can be obtained when the temperature is assumed constant 
along the flow as it is considered in deriving the cases using the simulation software. 
The reason is that the viscosity is affected by temperature. 
4.2.1.2 Previous published works relating processing parameters to molding 
features 
Staub (1960) provided a simplified analysis of mold filling. That work aimed to 
compare theory and experimental analysis. A Newtonian relationship was used to 
express the effect of mold dimensions on pressure requirement for a rectangular flow 
as shown in equation (4.3). 
where 
Q= volumetric rate of mold filling 
P= pressure at mold entrance 
11= resin viscosity 
w= width of flow 
L= flow length 
t= flow thickness 
(4.3) 
According to the above relationship, at constant flow rate and viscosity the pressure 
required to fill was directly proportional to the mold length and inversely proportional 
to the cube of the mold thickness. 
In that research molds with unidirectional flows were used to analyze the effect of 
mold dimensions on the mold filling behavior of polyethylene. In order to analyze 
mold filling, Staub (1960) measured pressure of a succession of short shots of 
increasing size until the mold had filled in the 2 x 9 x 0.075 inch mold cavity. As was 
expected pressure varied linearly with the flow length as shown in Figure 4.3. 
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+- Mold is filled 
9 
L (in) 
Figure 4.3 Linear relationship relating flow length to pressure (Staub, 1960). 
The effect of cavity thickness was also studied in that work. A 7.5 x 9 inch cavity 
was used which had inserts in thickness of0.035, 0.075 and 0.125 inch. The pressure 
required to flow was plotted against cavity thickness on log-log co-ordinates. The 
resulting curve approximated a straight line as illustrated in Figure 4.4. The slope 
of the curve was -1.5. Thus, an approximate relationship between pressure and cavity 
thickness was obtained. The difference between the result obtained from the 
experiment (i.e. P oc 1 I t1.5) and the result obtained from Newtonian relationship (i.e. 
P oc 1 I t 3) was due to the variation in effective resin viscosity of melt flow during 
injection molding process. 
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Pressure to flow 
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Figure 4.4 Linear relationship relating pressure to fill to flow thickness 
on a log-log co-ordinate (Staub, 1960). 
Comment: 
Staub (1960) did not distinguish between static and dynamic pressure. According 
to chapter two, dynamic pressure is pressure which acts during mold filling. Static 
pressure is pressure which is built up when the mold is filled. A linear relationship was 
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established to relate pressure to flow length. It was based on a succession of short 
shots of increasing size until the mold had filled. In producing short shot, the mold is 
never filled and static pressure is never built up. Therefore, results can be different 
when a number of molds with different mold lengths were used. 
Barrie (1969) measured the pressure drop in the mold cavity of a center-gated disk 
mold which had filled by a radial flow process. The cavity pressure drop (Po) 
depended on a geometrical variable. The geometrical effect was encapsulated in one 
parameter, the flow ratio(<!>, defined as the ratio of the flow length of the flow path to 
the thickness of the mold cavity). As might be expected, (Po) increased almost linearly 
with flow ratio as illustrated in Figure 4.5. 
~ (in/in) 
Figure 4.5 Linear relationship relating flow ratio to pressure (Barrie, 1969). 
In that experiment Propylene/Ethylene copolymer was used as processing material. 
The value of <!>was varied by altering the thickness from 0.05 in. to 0.2 in., while the 
flow length was constant and equal to 10 in. 
Comment: 
Barrie (1969) studied the effect of molding dimensions (i.e. flow length and flow 
thickness) against one parameter at a time. The effect of flow length and flow 
thickness on pressure were experienced at constant flow rate and temperature. The 
relationship obtained can not be used accurately if changes in other parameters 
including melt temperature and flow rate were taken into account. Shear heating 
(frictional heating) was perhaps the most important factor neglected in the above 
analysis. It means melt temperature and viscosity can change during filling process. 
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The effect of melt temperature on flow length was analyzed by Mehl (1994). That 
experiment was conducted using PVC (Poly-Vinyl Chloride) as processing material 
and a spiral mold as shown in Figure 4.6. 
@ @ 
Figure 4.6 Cavity of spiral mold (Mehl, 1994). 
Higher melt temperature caused the flow to reach a longer distance. The result 
showed that flow length is linearly related to the flow melt temperature as depicted in 
Figure 4.7. 
380 / . . 
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Figure 4. 7 Linear relationship relating flow length to melt temperature (Mehl, 1994). 
Plastics material manufacturers often provide maximum allowable melt 
temperature for each material. Heating the material higher than the maximum can 
cause material degradation (i.e. burning) in machine heating system (barrel). 
Thermoplastics are non-Newtonian in nature which means that their viscosity will 
change depending on their velocity (i.e. amount of shear rate). 
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According to Fassett (1995), the non-Newtonian nature of thermoplastics was a 
key in thin wall molding because it was used to achieve increased flow lengths 
without elevated barrel temperature. Fassett (1995) defined thin wall molding as 
injection molding of parts having a nominal wall thickness of 1 nun or less and surface 
area of 50 cm2 or more. That research analyzed and experimentally proved that 
moldability of thin molding can be obtained by applying higher injection speed 
without rising the temperature too high. Although frictional heating causes the flow 
melt temperature to rise, that short-term temperature does not harm the polymer 
matrix to the extent that residence time and elevated barrel temperature do. 
Therefore the processing consideration of thin wall molding differs from standard 
injection molding. Instead of increasing melt temperature, higher injection speed can 
be applied to obtain successful molding. 
This research focuses on unidirectional flow type within the following ranges of 
flow dimensions. 
40 mm < flow length < 100 mm, 
1 mm < flow thickness < 4 mm. 
Although these ranges were chosen arbitrarily, they cover a wide range of medium-
sized molded parts in the molding industry. In this research High Impact polystyrene 
[HIPS] and Acrylic were used as processing materials because they are commonly 
used materials in the molding industry. 
4.2.1.3 Type of relationships used in implementation of RES 
According to Table 4.1, in the previous research works experimental relationships 
have been derived to establish the following relationships. 
- relating flow length and flow thickness to the pressure, 
- relating flow length to the melt temperature. 
There is no specific work reported relating melt temperature to the flow thickness or 
relating injection speed and mold temperature to flow dimensions. However, it is 
certain that generally longer flow needs higher mold temperature and longer injection 
time, thinner flow requires higher mold temperature, higher melt temperature and 
shorter injection time to obtain fill ability of molding. 
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Table 4.1 Relationships which were reported in previous works. 
Relating parameters Type of relationship 
relating pressure (P) p / to flow length (L) (Unidirectional flow) 
L 
relating pressure (P) p ' 
to flow thickness(Th) 
1'\. 
(Unidirectional flow) 
' 
\ 
Th 
relating melt T / temperature (T) 
to flow length (L) 
(Unidirectional flow) L 
relating pressure (P) p 
/ to flow ratio ( <P ), where <P = LITh. 
(Radial flow) <P 
In this research linear relationships were also assumed as follows: 
-to relate melt temperature (Tmelt) to flow thickness (Th), 
-to relate mold temperature (Tmold) to flow length (L), 
- to relate mold temperature (Tmold) to flow thickness (Th), 
-to relate injection time (IT) to flow length (L), 
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-to relate injection time (IT) to flow thickness (Th). 
These assumptions are not unreasonable because some of the processing parameters 
and molding dimensions were related linearly as discussed in previous section. 
Therefore the above relationships were constructed to relate processing 
parameters to the molding geometrical features as illustrated in Figure 4.8. 
Constraints in relation to application of these relationships are as follows. 
- flow length (L) constraint: 40mm < L < lOOmm, 
1 mm <L<4mm, 
unidirectional flow, 
- flow thickness (Th) constraint: 
-flow type: 
- material type: High Impact Polystyrene and Acrylic. 
Tmelt c~ p 
L 
(a) 
c1 
Tmelt ~ log(P 
~ ............... Cz 
(e) 
~ 
c/ : 
L 
(b) 
IT 
log (Th1) log (Th2) 
log (Th) 
(f) 
IT 
L 
(c) 
(g) 
Tmold 
Tmold 
Figure 4.8 Establishment of linear relationships using cases c1 and c2 
where h < L < h and th1 < th < thz. 
L 
(d) 
Cz 
(h) 
To validate the linear relationships the Moldflow injection molding simulation 
program (Austin, 1993) was used. The processing parameters derived using linear 
relationships were tested for a number of examples using Moldflow. Subsequently 
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moldability condition was obtained (refer to Appendix 5, Tests 1 to 4 for detailed 
analysis). 
According to Appendix 5, it was observed that the above relationships can relate 
the flow dimensions to processing parameters not only to obtain moldability but also 
to obtain uniform temperature and shear stress conditions. Determination ofthe basic 
cases was the key to obtain these conditions. Basic cases were determined critically 
using trial and error approach to satisfy moldability, uniform temperature and shear 
stress conditions. In addition to the above conditions, the following conclusions were 
also made: 
- longer flow required higher melt temperature and longer injection time to obtain 
uniform temperature along the flow and shear stress conditions. 
- thinner flow required higher melt temperature and shorter injection time to obtain 
uniform temperature along the flow and shear stress conditions. 
4.2.1.4 Establishment of 2D linear relationship 
In previous sections, it was discussed how process parameters are related to flow 
length or flow thickness. In this section establishment of the relationships relating 
process parameters to both flow length and flow thickness is discussed. Therefore 
relationships which were obtained in previous section (ID relationships) are applied 
to construct 2D relationships. To establish a 2D relationship for a certain range with 
respect to flow length and flow thickness, four cases "frame cases" are required as 
depicted in Figure 4.9. Each case includes flow length (L), flow thickness (Th), melt 
temperature (Tmelt), mold temperature (Tmold), injection time (IT) and required 
pressure (P). 
The four frame cases form a matrix of problem space. In each row of the matrix 
the flow length is constant and the flow thickness varies from the lower end to the 
upper end of the range. Also in each column of the matrix the flow thickness is 
constant and the flow length varies from the lowest to the highest range. The 
solutions for problems that are within this specified problem space are derived by 
using the four corresponding frame cases entailing actual operating parameters. 
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Figure 4.9 Problem space for molding conditions 
where Ll=L2, L3=L4, Thl=Th3 and Th2=Th4. 
Using the four corresponding frame cases the linear relationships (which were 
described in section 4.2.1.3) are established to derive the optimum operating 
parameters for the new solution within the matrix of problem space. 
According to Figure 4.9, in the first row of the matrix using case one and case two, 
system Equation (4.4), below can provide the relationships of melt temperature 
(Trl), pressure (Prl) and injection time (ITrl) with flow thickness (Th). 
Trl = al Th+cl 
log(Prl) = bl log(Th)+dl 
ITrl = gl Th+ f1 
Where: 
al= (Tmelt2- Tmeltl) I (Th2- Thl) 
cl = (Tmeltl - al Thl) 
bl= ( log(P2) -log(Pl)) I ( log(Th2)- Iog(Thl)) 
dl = ( Iog(Pl)- bl Iog(Thl)) 
gl= (IT2- ITI) I (Th2- Thl) 
f1 = (ITI - gl Thl). 
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(4.4) 
Similarly, in the last row of the matrix, system Equation ( 4.5), can give the 
relationships of the melt temperature (Tr2), pressure (Pr2) and injection time (1Tr2) 
with flow thickness (Th). 
Tr2 = a2 Th + c2 
log(Pr2) = b2 log(Th) + d2 
1Tr2 = g2 Th + f2 
Where: 
a2= (Tmelt4- Tmelt3) I (Th4- Th3) 
c2 = (Tmelt3 - a2 Th3) 
b2= ( log(P4)- log(P3)) I ( log(Th4)- log(Th3)) 
d2 = ( log(P3)- b2 log(Th3)) 
g2= (IT4- IT3) I (Th4- Th3) 
f2 = (IT3 - g2 Th3). 
(4.5) 
Subsequently, in each column of matrix, system Equation (4.6) can be determined 
relating melt temperature, pressure and injection time to the flow length (L). 
T = a3 L + c3 
P = b3 L + d3 
IT= g3 L + f3 
Where: 
a3 = (Tr2- Trl) I (L3 - Ll) & c3 = (Trl - a3 Ll) 
b3 = (Pr2- Prl) I (L3 - Ll) & d3 = (Prl - b3 Ll) 
g3 = (ITr2- ITrl) I (L3- Ll) & f3 = (ITrl- g3 Ll). 
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(4.6) 
Equations (4.4) to (4.6) were used as the adapting equations for identifying the melt 
temperature, pressure and injection time for the new moldings requirements. 
This CBR was developed to apply equations (4.4) to (4.6) and to obtain the set of 
process parameters required for a new cavity using the previous cases (frame cases). 
4.2.2 Design of Processing Parameters at Nozzle (Injection Unit) 
CBR was used to derive the optimum processing parameters in the cavity. This 
was followed by flow analysis from the cavity backward to the gate, runner and, 
finally, sprue to obtain the pressure drop and temperature difference in the feed 
system. Subsequently, melt temperature and the pressure required at injection unit 
(nozzle) were calculated. 
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CHAPTERS 
DEVELOPMENT OF A HYBRID EXPERT SYSTEM 
5.1. Hybrid Expert System Architecture 
Expertise in injection molding can be fitted into a hybrid system encompassing 
Case-Based Reasoning (CBR), flow analysis, post-processor and trouble shooting 
programs. 
The hybrid system can be used interactively as depicted in Figure 5. 1, and uses 
the following modules. 
-The Case-Based Reasoning sub-system is used to derive the optimum magnitude of 
process parameters in the cavity according to the type of processing material, flow 
type and cavity geometry. 1 
- The Flow Analysis sub-system is employed to calculate the pressure drop and 
temperature difference in the feed system to determine the required magnitude of 
parameters at nozzle. 2 
- The Post-Processor converts the molding parameters (flow rate and required 
pressure at nozzle) into machine setting parameters (ram speed and required 
hydraulic pressure). 3 
- The Trouble Shooting Program derives which combination of process parameters 
must be changed and deals with possible variations.4 
C++ Programming Software was used to develop the HES due to its power in 
knowledge representation, inferencing, analysis and ease of use. 
1 The CBR prototype developed using C++ is presented in Appendix 1. 
2 The Flow Analysis program developed using C++ is presented in Appendix 2. 
3 The Post-Processor developed using C++ is presented in Appendix 3. 
4 The Trouble Shooting developed using C++ is presented in Appendix 4. 
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Figure 5.1 Hybrid Expert System Architecture. 
5.2 Design of optimum injection molding parameters by HES 
The design of process parameters can be simulated as shown m Figure 5.2. 
Search space is the range of operating parameters including the range of melt 
temperature and mold temperature which is recommended by the plastic material 
manufacturer. 
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where: 
for High Impact Polystyrene (HIPS) material, 
200 °C < Melt temperature < 280 °C, 
and for acrylic material, 
240 °C < Melt temperature < 280 °C, 
40 °C < Mold temperature < 60 °C 
50 °C < Mold temperature < 90 °C 
D1, D2 and D3 are constraints which stand for different defects including short shot, 
flashing and molded part-in stress and the window within them represents a feasible 
solution. 
boundary of operating 
conditions reconunended 
by material manufacturer 
search space 
A window for 
optimum parameters 
(feasible area) 
Figure 5.2 Window of optimum processing parameters. 
The HES suggests a set of molding parameters Xo(Po, To, to) inside the feasible 
region by remembering and adapting according to previous similar situations. Where 
Po, T0, and to are injection pressure, melt temperature and injection time which are 
set using injection molding machine. 
HES does not apply any standard optimization algorithm. Based on the type of 
processing material, flow pattern and part geometry the most similar previous 
successful molding operating parameters are selected and the operating parameters 
are adapted to meet the current mold cavity requirements (as will be discussed in 
section 5.3). Subsequently a flow analysis program will determine the melt 
temperature and injection pressure which are required at nozzle of injection unit (as 
will be discussed in section 5.4.). 
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CBR can provide the optimum parameters in most cases. If parameters are not 
producing satisfactory molding, then HES can be used to recover the parameters (as 
will be discussed in section 5.6). 
5.3 Implementation Of CBR System 
5.3.1 First Implementation Stage Of CBR System- Determination Of Frame 
Cases 
The first stage of implementation was to determine an adequate number of basic 
successful cases called frame cases for the system library development. Each frame 
case included the molding cavity features (i.e. type of material and flow pattern; flow 
length and thickness) and corresponding optimum operating parameters (i.e. melt and 
mold temperature, required pressure and injection time). A simulation FEM analysis 
software called Moldflow (Austin, 1993) was used to determine these preliminary 
cases through the iterative trial and error actions. After determining the required 
cases, there is no need to use any simulation software in conjunction with HES. 
The problem space for a certain material, flow type and range of dimensions were 
simulated as depicted in Figure 5.3 where the problem space is shown as a matrix 
with one frame case at each corner. Each case included flow length (L), flow 
thickness (Th), melt temperature (Tmelt), mold temperature (Tmold), injection time 
(IT) and required pressure (P). 
In each row of matrix the flow length was constant and the flow thickness varied 
from the lower end to the upper end of the range. In each column of the matrix the 
flow thickness was constant and the flow length varied from the lowest to the highest 
range. The solutions for problems which were within this specified problem space 
were derived by using the four corresponding frame cases entailing actual operating 
parameters. 
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Figure 5.3 Problem space for molding conditions. 
The optimum molding parameters of four basic frame cases were selected using 
Moldflow 2D program under a number of constraints to obtain moldability and stress 
conditions. These constraints included: 
1. Constant pressure drop along the flow path ; 
2. Constant temperature along the flow path; 
3. Constant shear stress along the flow path; 
4. Shear stress less than the maximum recommended. For instance, allowable shear 
stress for HIPS is equal to 0.3 11Pa and for Acrylic is equal to 0.411Pa. 
5. Mold and melt temperature have to be within the recommended range applicable to 
the processing material. For instance, in case of HIPS, typical mold temperature is 
within 40-60°C and typical melt temperature is within 200-280°C, in case of Acrylic, 
typical mold temperature is within 50-90°C and typical melt temperature is within 
5.3.2 Second Implementation Stage of the CBR System - Case Similarity 
To search for the existing solutions, IF - THEN rules, similarity rules, were 
applied to find out the similarities between new problem features and existing 
solutions. For every four frame cases a similarity rule was allocated. The condition 
part of the similarity rules included the material and flow type as well as the flow 
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length and thickness of four frame cases. The action parts of the similarity rules 
comprised sets of required operating parameters of four frame cases. If the features 
of the new molding problem fit into the condition part of the similarity rule (i.e. I. 
new case has similar material and flow type as four frame cases, 2. dimensions of new 
case in term of flow length and thickness are within the ranges established using four 
frame cases) then the action part fires the applicable four frame cases. 
5.3.3 Third Implementation Stage of the CBR System - Case Adaptation 
The third stage of implementation entailed the use of existing solutions 
(corresponding frame cases) to derive the new solution by taking into account the 
differences between the newly defined problem and the previously developed frame 
cases. Therefore System Equations (4.4 to 4.6), were used in conjunction with four 
corresponding frame cases to determine the melt temperature, pressure and injection 
time for the new moldings requirements. 
5.4 Melt Flow Analysis Implementation 
After determining the required molding parameters for the cavity utilizing the 
CBR system, the melt flow analysis was carried out by the Hybrid Expert System to 
find the pressure drop and temperature difference in the mold feed system and 
subsequently, the required temperature and pressure at nozzle of injection unit were 
calculated. 
In calculating the pressure drop and temperature difference over the feed system a 
flow analysis program was developed. According to basic rheology of molten flow 
which was detailed in Chapter 2, the relationships in Table 5.1 can be used to find the 
pressure drop and temperature difference over any section of the feed system. 
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Table 5.1 Set of governing equations applicable to the injection molding process. 
Y. 
Z~uumu~Wh r: ze}Uu U() 
L 
SR = 6Q I ( w h 2 ) SR = 4Q I ( IT R 3 ) 
Vis= A* (SR)8 * exp( T *C) Vis = A * (SR)8 * exp( T * C ) 
t (gate) = SR * Vis t(gatel = SR * Vis 
't (runner)= 1.4 (SR * Vis) 't (runnerandsprue) = 1.4 (SR *Vis) 
.1P = (2L/h) 't .1P = (4Lid) 't 
~fricl = 2 t w L (Vave * Ot) * 1 0 "9 ~fricl = t IT d L (Vave * ot) * 10 "9 
.1T = ~fric) * 10 9 I (L*w*h *SHg *den) .1T = ~fric)*10 9 I [(IT d 2 )14*L *SHg* den] 
Q =Flow rate (cu.cm), Vis= Viscosity, A, B, C =Viscosity factors, SR = Shear rate (1/sec), 
T= Melt temperature ec), 8t =Injection time (sec), Vave =Flow speed (mm/sec), 
H = Heat generated by friction (Joule), den= Density (Kglcu.m), SH =Specific heat (Joule/°C 
Kg), AP = Pressure drop (MPa), AT = Temperature difference eq. 
68 
We have now a system for predicting the pressure drop and temperature difference 
over a single section. 
The molding feed system is divided into a number of sections and every section is 
analyzed. By stringing the sections together one after the other along the flow, the 
total pressure drop and the temperature difference of the molten flow over the entire 
feed system can be calculated as follows. 
L\P (total)= L\1>1 + M'2 + ..... + L\Pn-1 + M>n 
ilT (total)= ilT1 + ilT2 + ..... + L:lTn-1 + ilTn 
Some important considerations are included below: 
(5.1) 
(5.2) 
1. Points of discontinuity and changes in the cross section can cause deformational 
flow, i.e. shear stress due to changes in shape ofthe plastic. The deformational shear 
stresses in the mold feed system occur at the intersections of nozzle and sprue and 
sprue and runner. Shear stress due to the viscous flow usually constitutes the major 
part of the total shear stress. According to Austin (1985), systems for analyzing shear 
stresses tend to concentrate on viscous effects with modification or correction 
factors being applied to compensate for the deformational effects. The correction 
factor for runner and sprue was proved to be equal to 1.4. This factor was brought 
into account in Table 5.1. 
2. Besides the viscous effect there are other effects happening at gate. These effects 
are dissipation, flow instability and starting effects which are discussed by Menges 
(1993). According to Menges (1993), in term of pressure drop, the later three effects 
cancel out the effects of each other. Therefore in determining the pressure drop at 
gate only viscosity effect was considered. 
3. According to Menges (1993), there is no measurable difference of pressure drop in 
elbows and branching in comparison with a straight channel of the same length. 
4. Heat conduction during filling can be neglected mainly due to the relatively fast 
injection speeds involved. 
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5.5 Post-Processor Program Implementation 
The post-processor program computed the following processing parameters. 
1. The injection molding machine ram velocity: 
Ram velocity is determined by the flow rate required in the mold during injection 
process. 
Ram velocity Vram (mm/sec) is equal to: 
Vram = ( Nc * Q * 1.10 * 4 ) * 1000 I ( n* dram * dram ) 
Where: 
Nc, number of cavities 
(5.3) 
Q (cu.cm/sec), required flow rate in the cavity, which is obtained by CBR System. 
dram (mm), ram screw diameter 
Due to the fact that molten plastics are compressible, the material inside the barrel 
is compressed (Av. 10%) under the ram pressure. This reduces the magnitude of 
molten material flow rate as it leaves the barrel and enters the mold. Therefore, the 
flow rate of material inside barrel has to be 10% more than the required flow rate of 
material inside mold. 
2. The machine stroke length: 
Stroke length is the distance which the ram has to move forward to inject 
adequate material into the mold to obtain a complete molding shot. 
The stroke length SL (mm) is equal to: 
SL = ( w mid * Mstr * den PS ) I ( Mwtr * den ); 
Where: 
Wmtd; (gr), molding total weight 
den; (kg/cu.m), density of material being processed 
(5.4) 
Mstr; (mm), machine stroke length rate= 140 (mm) (maximum stroke shot size base 
on Polystyrene material) 
Mwtr; (gr) machine weight rate= 88 (gr) (maximum shot weight base on Polystyrene 
material) 
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den Ps; density of Polystyrene material= 893 (kg/cu.m). 
3. Switchover length: 
Switchover length is the position in which the ram is switched over from filling 
stage to holding stage. The switchover length can be calculated (Dym, 1979) as 
follow. 
Lswo (mm) = SLT- ( 0.98) SL (5.5) 
Where: 
SLT (mm); total machine stroke including cushion. 
4. Cooling time: 
Cooling time is the time required to cool the molding to mold release 
temperature. This time depends on the heat of the molding. According to Rosato 
(1986) and Bogatzke (1990), the minimum cooling time may be estimated from the 
Ballman and Shusman Equation as follow: 
S =- h2 * 0.011 ( 2 * rc *a) loge[rcl4 * ( Tx- Tm)l (Tc-Tm)] 
Where: 
S =minimum cooling time (sec); 
h =thickness of molding (mm); 
Tx = molding ejection temperature COC); 
Tc =molding temperature (°C); 
Tm = mold temperature (°C); 
a= ( k * 10 4)1 ( Shg * den); 
k =conductivity of material ( J I (sec m oc) ); 
Shg = gravitational specific heat of material ( J I COC kg) ); 
den= density of material (kg I cum). 
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(5.6) 
5. Holding time: 
During the holding stage molten material is pressed on through the molding in 
order to compensate for any material shrinkage. When the gate is frozen, the molten 
material can no longer enter the cavity. Therefore holding time is equal to the period 
of time in which the gate is frozen. Holding time may be estimated using Equation 
(5.6). 
Where: 
Tx = material freeze temperatureCOC); 
h =gate thickness (mrn). 
6. Holding Pressure: 
According to Gordon Jr. (1993), holding pressure can be considered equal to 60% 
of injection pressure. 
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5.6 Trouble Shooting Program (RBS) Implementation 
The set parameters derived previously by HES were set on the machine and tried 
out. If there were any molding defects, the RBS conducted inquiries and suggested 
procedures to deal with the variations presented. The procedure which is performed 
by HES in trouble shooting is represented in Figure 5.4. 
Inquiries to 
identify the situation Solution 
y 
Change Actio 
y 
y 
Implementation of 
parameters 
Defect Better 
Defect Unchanged 
Figure 5.4 Strategy of HES in trouble shooting. 
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The above strategy was established in the form of IF-THEN rules to deal with 
defects. At each stage of trouble shooting only one parameter is changed and the 
result evaluated interactively with the operator. Whether the molded part is okay; 
variation is reduced; variation increased; or a new defect is produced. If an action is 
effective in reducing the variation, then the action is continued till the variation is 
eliminated. If a defect worsens or a new defect is created, then the next 
recommended action is performed. 
The solutions to molding problems are provided by the RBS program. The RBS 
was developed by applying heuristic knowledge of injection molding in trouble 
shooting. (K. I. M. W., 1992) was used as a source ofthis heuristic knowledge. (K. I. 
M. W., 1992) is a troubleshooting guide which is based on the experiments and 
knowledge of many experts. This booklet was written during a three-year team 
project, which involved intensive work by 30 companies. In this guide, solutions are 
suggested in order of easiest to perform. Modifications of mold or part design might 
be suggested if the problem is not solved by using machine parameter adjustments. 
A sample of the troubleshooting procedure is presented in Figure 5.5. 
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5. 7 Communication of HES with the User 
A sample of problem solving and communication ofthis prototype Hybrid Expert 
System (HES) with the user is illustrated in Figure 5. 5. 
- Please indicate type of molding material 
1- HIPS 
USER> 1 
2- Acrylic 3- Nylon 6 
- Please indicate the manufacturer and grade 
USER> Chemplex CX30 1 
- Please indicate the flow type 
1- Unidirectional 2- Radial 
USER>1 
- Please enter the flow length and thickness (mm) 
USER> 82 3 
- Please indicate the cavity and total molding weight 
USER> 14.18 30.30 
Required parameters in the cavity are: 
Mold temperature: 50 °C 
Melt temperature : 233 °C 
Injection time: 0.665 sec 
Injection pressure: 8.44 MPa 
Flow rate: 23.67 cu. em/sec 
- Please indicate the problem 
1- Sink mark 2- Bum streaks 3- Weld line 
4- Jetting 5- Diesel effects 6- Short shot 
7-Flashing 
USER>4 
INQUIRES: 
a. can injection speed be reduced? 
b. can melt temperature be changed ? 
c. not any of them ? 
user> b 
Solution: 
Increase the melt temperature 
set the barrel temperature on 250°C 
What is the result ? 
a. molded part OK b. molded part better 
c. molded part worst d. new defect created 
e. molded part unchanged 
user>a 
END 
Figure 5.5 Design and optimization sequence of injection molding by user interactive Hybrid 
Expert System. 
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CHAPTER6 
EXPERIMENTAL EQUIPMENT AND PROCEDURE 
6.1 Experimental Equipment 
Equipment used during the experiments included: 
1. An injection molding machine, 
2. A two cavities mold, 
3. Cooling tower system, 
4. Oil heater system, 
5. Material dryer. 
6.1.1 Injection Molding Machine 
An injection molding machine located in P ARTEC (Plastics And Rubber Technical 
Education Collage) was used to implement the molding conditions obtained by HES. 
This machine is illustrated in Figure 6.1. 
Figure 6.1 An Injection Molding Machine used to perform the experiments. 
76 
Injection molding machine components are depicted in Figure 6.2. 
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Figure 6.2. Components of Injection Molding Machine (Engel, 1989). 
1 Machine frame 
2 Clamping cylinder 
3 Hydraulic ejector 
4 Safety gate 
5 Plasticizing cylinder 
6 Processing material 
container (hopper) 
7 Injection unit with: 
- Nozzle carriage cylinder 
- Injection cylinder 
8 Screw drive 
9 Hydraulics in the 
machine frame with: 
-Oil tank 
-Pump motor 
-Pump 
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10 Power supply cabinet 
11 Control cabinet 
12 Microcomputer with: 
-Screen 
-Data input 
- Manual control panel 
13 Main switch 
14 Power supply connection 
1 3 
I 
9 
TECHNICAL DATA (Engel, 1989) 
Model ENGEL 
Producer Austria 
International size designation ES 200/50 HL 
Injection unit 
Screw diameter (mm) 30 
Plasticizing stroke (mm) 140 
Screw speed (r.p.m) 20-480 
Injection rate1 (gr./sec) 133 
Maximum stroke volume (cu.cm) 98 
Maximum injection weight 1 (gr.) 88 
Specific injection pressure (bar) 2200 
Nozzle stroke (mm) 200 
Nozzle contact force (KN) 28 
Heating capacity (KW) 6.8 
Number of heating zones 4 
Clamping unit 
Clamping force (KN) 500 
Opening stroke (mm) 330 
Ejector force (KN) 25.4 
Ejector stroke (mm) 100 
Drive 
Pump drive power (KW) 15 
1 Refers to Polystyrene, dependent on processing material and processing conditions. 
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6.1.2 Mold 
The mold used in experiments is illustrated in Figure 6.3. 
Figure 6.3 A mold which was used in experiments. 
This mold can produce two cavities as is illustrated in Figure 6.4. 
( J) SPRUE 
(])GATE 
(2) RUNNER 
(4) CAVITY 
Figure 6.4 A molding with two cavities. 
7') 
After the molding process, the cavities can be separated ( degated) from the feed 
system at gate intersections. The cavities are considered as products and the feed 
system can be recycled. 
Molding dimensions: 
Cavity: 
Diameter = 82 mm 
Thickness = 3 mm 
Runner: 
Thickness = 4 mm 
Width= 5 mm 
Length = 18 mm 
6.1.3 Mold cooling system 
Gate: 
Sprue: 
Thickness = 1 mm 
Width= 2 mm 
Length = 1.5 mm 
Diameter = 4 mm 
End diameter = 6 mm 
Length = 45 mm 
A cooling system was used to cool the mold during the molding process. A 
cooling tower was used for the lower mold temperature range (Av. 50 °C). 
6.1.4 Mold heating system 
A heating system was used to warm the mold during the molding process. An oil 
heater was used for the higher mold temperature range (Av. 100 °C). 
6.1.5 Material dryer 
A material dryer was used for drying the material before feeding it into the 
injection molding machine. Plastics material was placed into the dryer for a certain 
time and under a certain temperature as recommended by the material manufacturer. 
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6.2 Procedure of molding experiments 
The molding sequence was performed in the following order: 
1. Switch on the injection molding machine and the cooling system, 
2. Setting the parameters suggested by the HES program on the injection molding 
machine as follows: 
- Barrel temperature (°C) 
-Injection speed (mm/sec) 
-Maximum required pressure (MPa) 
- Stroke length (mm) 
-Switch over distance (mm) 
- Holding pressure (MPa) 
-Holding time (sec) 
-Cooling time (sec) 
3. Time for reaching the setting temperature at barrel, 
4. Feeding the machine with plastic material, 
5. Plasticizing and heating of material in the barrel, 
6. Performing an air shot to measure the temperature of molten material by a 
thermocouple, 
7. Injection molding process 
According to Figure 6.5, the injection molding process can be divided into two 
stages: 
- Filling stage 
During the injection process the screw takes over the task of the piston. The 
molten material is injected into the injection mold by the axial forward movement of 
the screw under high pressure and a certain speed, provided by HES, until the cavity 
is filled. 
- Holding stage 
When the cavity is volumetrically filled, the injection process is switched to 
pressure control. At this stage, the material under a certain pressure is pressed on 
through the fluid center in order to compensate material shrinkage while the molded 
part cools down in the mold. 
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~Filling stage 
Holding stage 
z1 filling time V injection speed s switch over 
z2 holding time P injection pressure 
Figure 6.5 Diagram of injection speed and pressure during the injection molding process. 
8. Mold cooling for a certain time 
9. Mold open 
10. Ejection of molded part from mold 
11. Mold closed 
12. Ram screw return to initial position and ready for the next shot. 
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6.3 Specific Injection Pressure versus Hydraulic Injection Pressure 
HES provided the required injection pressure at the nozzle to obtain moldability 
conditions. This pressure is called Specific Injection Pressure. To achieve this 
pressure, an adequate amount of hydraulic pressure is required. This hydraulic 
pressure was set on the injection molding machine. The relationship between specific 
injection pressure and hydraulic pressure with respect to the screw diameter is 
depicted in Figure 6.6. A screw with diameter equal to 30 mrn was used to perform 
the experiments. 
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Figure 6.6 Relationship between specific injection pressure and hydraulic injection pressure 
(Engel, 1989). 
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According to Engel (1989), there is a pressure drop in the injection unit system. 
A pressure drop equal to 20 (bar) must be considered when determining the required 
hydraulic pressure. Therefore hydraulic pressure can be calculated using Equation 
(6.1) 
Phydraulic= (200 / 1450) Pspecific + 20 
Where: 
Phydraulic = Hydraulic injection pressure (bar), 
Pspecific = Specific injection pressure (bar). 
6.4 Process Monitoring 
(6.1) 
The transport of the melt into the mold cavity occurs under exact and controllable 
conditions. The pressure, speeds, positions, times and temperature are recorded and 
stored by the machine control system during each cycle. These quality relevant 
process parameters can be monitored and evaluated. 
During the molding experiments, actual molding conditions have to be monitored 
to ensure that specified quality molded parts are obtained. The most important 
conditions are included beldw: 
1. Nozzle and plasticizing cylinder temperature 
The temperature of nozzle and plasticizing cylinder can be set and monitored on 
the injection molding machine. However, in practice due to the inconsistency of 
material in the plasticizing cylinder, there are always variations of melt temperature. 
It is a difficult task to identifY the exact melt temperature during the molding process. 
2. Injection Speed 
According to Figure 6. 7, adjusted injection speed and the actual value of injection 
speed can be monitored and compared during the molding process. If the actual 
injection speed is less than the adjusted speed, the injection pressure limit set on the 
machine has to be increased to be able to achieve the required speed. 
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3. Hydraulic Pressure 
According to Engel (1989), the hydraulic injection pressure limit "P6" set on the 
machine has to be always more than the actual applied pressure "PHx" (an average 
20 bar). The adjusted injection pressure limit "P6" and the actual value of injection 
pressure "PHx" can be monitored during the molding process as depicted in Figure 
6.7. 
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Figure 6. 7 A monitoring screen of the injection molding machine (Engel, 1989). 
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CHAPTER 7 
RESULTS AND DISCUSSIONS 
7.1 Strategy adapted in verifying the developed HES 
A number of experimental works were conducted to demonstrate the effectiveness 
of the developed expert system. 
In experiments one and two, the injection molding machine was used to set the 
molding parameters which were obtained by HES. In experiment one, High Impact 
Polystyrene [IllPS] was used as processing material because it is a general purpose 
material in molding industry. In this experiment the molding was tested in terms of 
moldability. Subsequently the molded part was measured in terms of flatness and 
roundness. 
In experiment two, acrylic was used as processing material because it is a stress 
crack sensitive material. The molding parameters which were determined by HES 
were tested using both injection molding machine and Moldflow. An injection 
molding machine was used to test the results in term of moldability. Moldflow was 
used to analyze the results in term of internal stresses. 
The moldings in experiments three and four were imaginary and in practice did not 
exist. Therefore, the Moldflow injection molding simulation and analysis program 
was applied to test the results obtained using HES. 
In experiment three a thinner molding was considered to study the effectiveness of 
HES for thinner molded parts specially with regard to internal stresses. Moldflow 
was used to test the parameters which were obtained by HES. In this experiment, the 
result obtained using HES were compared with the results obtained using a random 
sets of process parameters. 
In experiment four, a radial flow molding was considered. The processmg 
parameters which were determined by HES were implemented using Molflow 2D and 
3D. Subsequently, the results were analyzed in terms of moldability, temperature 
distribution and stress conditions. 
7.2 Experiment One 
A molding with two identical cavities having the following characteristics was 
considered. 
Cavity: 
Diameter = 82 mm 
Thickness = 3 mm 
Gate: 
Thickness = 1 mm 
Width=2 mm 
Length = 1.5 mm 
Runner: Sprue: 
Thickness = 4 mm 
Width= 5 mm 
Length = 18 mm 
Diameter = 4 mm 
End diameter = 6 mm 
Length = 45 mm 
This complete molding is depicted in Figure 7.1(a) and the cavity is depicted in 
7.1(b). 
(1) SPRUE 
(3) GATE 
(2)RUNNER 
(4) CAVITY 
Figure 7.1(a) A molding with two identical cavities. 
Figure 7.1(b) A single cavity. 1 
1 The surface appearances of cavity do not play any important role in determining the process 
parameters. 
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This experiment was conducted to verify the processing parameters derived using 
HES especially with regard to the moldability condition. In this experiment HIPS was 
used as processing material since it is a general purpose material used in molding 
industries. 
7 .2.1 Verifying the results of the HES program using the Injection Molding 
Machine 
The molding conditions obtained by HES 1 are summarized in Table 7.1. These 
parameters were implemented using the injection molding machine. 
Table 7.1 Molding conditions designed by HES.1 
Molding Material HIPS CHEMPLEX I CX301 
Weight (gr.): cavity 14.18 Total 30.30 
Flow Length (mm) 82 Flow Thickness {mm) 3 
Flow Type: Unidirectional flow 
Number of cavities: 2 
Feed System Dimensions (mm): 
Sprue: Diameter 4 Length 45 
Runner: Thickness 4 Width 5 Length 18 
Gate: Thickness 1 Width 2 Length 1.5 
Melt Temperature ("C) 223 
Mold Temperature ("C) 50 
Flow Rate (cu.crnlsec) 47.34 
Required Injection Pressure (MPa) 22.48 
Switch Over Length (mm) 8 
Plasticizing Stroke (mm) 55 
Injection Speed (mmlsec) 74 
Holding Time (sec) 3 
Cooling Time (sec) 19 
Cushion (mm) 7 
In this experiment the moldability was successfully achieved in the first shot by 
producing a full shot molding without any defect. The molding which was produced 
under HES conditions is illustrated in Figure 7.2. 
1 Detailed calculations of this experiment are presented in Case Study One. 
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Figure 7.2 The molding produced under HES conditions. 
The geometrical features of the molded part were tested in terms of roundness and 
flatness. The diameter of the molded part was measured in four different positions at 
45-degree intervals. In all four measurements, the diameters were equal to 82 mm 
with accuracy of0.05 mm. This experiment was performed for two molded parts and 
similar results were obtained. Therefore, in term of roundness the molded parts had 
dimensional stability. 
The molded parts were measured also in term of flatness. The average 
deformation obtained was equal to 0.25 mm. If the quality of the molded part in 
terms of flatness does not meet the quality requirement then a set of corrective 
actions can be conducted to obtain the quality requirement. The HES trouble 
shooting program will suggest the following actions in order of significance to deal 
with deformation in the molded part: 
( 1) Changing the molding conditions including: 
- Mold temperature, 
- Melt temperature, 
- Injection speed, 
- Switch over position. 
(2) Modification of molded part. 
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7.2.2 Testing the results of RES program using Moldflow 20 
The molding parameters which were obtained by HES were also tested usmg 
Moldflow 2D. 
7.2.2.1 Testing the results of the CBR program 
The CBR System for a new molding with the following features was developed. 
Features of the cavity: 
Material: HIPS (Chemplex Cx301) 
Type of flow: Unidirectional flow 
Flow Length (mm) : 82 
Flow Thickness (mm): 3 
Weight of cavity (gr): 14.18 
Molding conditions in the cavity derived by the CBR System: 1 
Mold temperature : 50 °C 
Melt temperature: 233 oc 
Injection time : 0.665 sec 
Injection Pressure : 6. 78 MPa 
Confirming the result of CBR System with the employment of the Moldflow 
Program: 
According to Table 7.2, the flow in the cavity was divided into four equal sections 
and the processing parameters in each section was calculated based on the given 
mold, melt temperature and injection time. 
1 Detailed descriptions of CBR in this experiment are presented in Case Study One . 
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Table 7.2 Testing the molding conditions designed by CBR using Moldflow 2D analysis. 
Flow Number l 
Mold temperature: 50.00 °C 
Melt temperature: 233.00 °C 
Injection time: 0.67 sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM. DROP GRAD RATE TIME 
MPa MPa MPa/m MPa 1/s oc sec 
1) 6.76 1.68 82.08 0.123 244.776 232.82 21.81 
2) 5.07 1.69 82.30 0.123 244.776 232.65 21.80 
3) 3.39 1.69 82.51 0.124 244.776 232.49 21.78 
4) 1.70 1.70 82.71 0.124 244.776 232.32 21.77 
According to Table 7.2, the following constraints were also established under 
molding conditions obtained using CBR: 
1. Constant pressure drop along the flow path ; 
2. Constant temperature along the flow path; 
3. Constant shear stress along the flow path; 
4. Shear stress less than allowable value (for HIPS material, allowable value of shear 
stress is equal to 0.3 :MPa). 
These constraints were chosen in order to obtain moldability condition and molding 
free of warpage and stress cracks. 
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7 .2.2.2 Testing the results of the flow analysis program 1 
Based on the cavity processing parameters obtained by CBR in the previous stage 
and the molding feed system dimensions, the required processing parameters at 
nozzle were obtained using the HES flow analysis program. The input and output of 
flow analysis program are demonstrated in Figure 7.3. 
Cavity Processing parameters 
obtained by CBR 
Mold temperature: 50.00 oc 
Melt temperature: 233.00 ocl--------. 
Injection time 0.665 sec 
Pressure 6. 78 MPa 
Number of cavities: 2 
Weight ofcavity: 14.18 gr. _.. 
Weight oftotal molding: 30.3 gr. 
Feed System dimensions (mm) 
Sprue: Diameter 4 Length 45 
Flow Analysis 
Program 
Pressure drop 
Temperature 
difference in 
the feed system 
Runner: Thickness 4 Width 5 Length 18 r-
Gate: Thickness 1 Width 2 Length 1.5 
Parameters at Nozzle 
______. Melt temperature:223 oc 
Flow rate: 47.34 cu.crnls 
Pressure: 22.48 MPa 
Figure 7.3 Inputs and outputs of HES flow analysis program. 
Implementation of Parameters using the Moldflow Simulation Program: 
The set of parameters suggested by HES flow analysis program was implemented 
using the Moldflow simulation and analysis program to study the filling process and 
collect analytical data along the flow according to Table 7.3. The result gave 
constant pressure gradient, constant temperature and constant shear stress along the 
flow in the cavity while the shear stress was less than the maximum value (0.3 MPa). 
1 Detailed calculations of flow analysis are presented in Case Study One. 
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These conditions were good indications of moldability and giving a molding free of 
warpage and stress cracks. 
Table 7.3 Testing the molding conditions designed by HES using Moldflow 2D analysis. 
Analyze a single flow 
Mold temperature: 50.00 °C 
Melt temperature: 223 °C 
Flow rate: 47.34 cu.cm/s 
(Sect 1, 2 Sprue I Sect 3 Runner I Sect 4 Gate I Sect 5 - 8 Cavity ) 
SECT PRESS PRESS PRESS SHEAR. SHEAR TEMP COOLING 
NUM. DROP GRAD STRESS RATE TIME 
MPa MPa MPalm MPa 1/s oc sec 
1) 23.84 8.78 390.22 0.390 7534.394 229.15 18.63 
2) 15.06 3.58 158.95 0.238 2232.413 231.34 39.25 
3) 11.48 2.04 113.38 0.227 1775.250 232.55 36.02 
4) 9.44 2.80 1866.33 0.933 71009.984 234.30 4.03 
5) 6.64 1.65 80.68 0.121 245.031 234.10: 21.94 
6) 4.99 1.66 80.91 0.121 245.031 233.91: 21.92 
7) 3.33 1.66 81.14 0.122 245.031 233.7( 21.90 
8) 1.67 1.67 
... 8.U7. 0.122 245.031 233.53: 21.88 
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7.3 Experiment Two- Thick cavity molding 
An operator using the traditional guessing approach might be able to produce a 
full shot molding without any visual defect. However, the molding may suffer from 
internal stress. Stress cracks in molded parts can appear days or weeks after the 
molding process. 
This experiment was conducted to verity the processing parameters derived using 
HES especially concerning the stress conditions. In this experiment acrylic was used 
as processing material since it is a crack sensitive material. 
7 .3.1 Verifying the results of the HES program in term of moldability using the 
Injection Molding Machine 
The suggested molding conditions by HES were established as Table 7.4. 
illustrates. 
Table 7.4 Molding conditions obtained by HES. 
Molding Material PMMA ROHMHAASIRHIO I 
Weight (gr.): cavity 15.89 Total 34.57 
Flow Length (nun) 82 Flow Thickness (nun) 3 
Flow Type: Unidirectional flow 
Number of cavities: 2 
Feed System Dimensions (mm): 
Sprue: Diameter 4 Length 45 
Runner: Thickness 4 Width 5 Length 18 
Gate: Thickness 1 Width 2 Length 1.5 
Melt Temperature oc 
Mold Temperature oc 
249 
63.5 
Required Injection Pressure (MPa) 41 
Switch Over Length (mm) 7.34 
Total Plasticizing Stroke (mm) 55 
Injection Speed (mrnlsec) 79 
Holding Pressure (MPa) 24.6 
Holding time (sec) 3.8 
Cooling time (sec) 29 
Cushion (mm) 6.37 
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These conditions were set using the injection molding machine and the moldability 
was assessed in the first shot by producing a full shot molding as depicted in Figure 
7.4. which was found to be defect free. 
Figure 7.4 Molding produced by HES molding conditions. 
7.3.2 Testing the results of HES program using Moldflow 2D 
The molding parameters which were obtained by HES were also tested using 
Moldflow 2D. 
7.3.2.1 Testing the results of the CBR program 
Features of the cavity: 
Material: Acrylic PMMA (Rohmhaas/ RhlOl) 
Type offlow: Unidirectional flow 
Flow Length (mm) : 82 
Flow Thickness (mm) : 3 
Weight of cavity (gr): 15.89 
Molding conditions in the cavity derived by the CBR System: 
Mold temperature: 63.5 °C 
Melt temperature: 260.25 oc 
Injection time: 0.6215 sec 
Pressure required: 10.61 MPa 
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Test and Implementation of Cavity molding parameters by Moldflow: 
Molding conditions derived by the CBR System were tested using the Moldflow 
2D simulation program as depicted in Table 7.5. 
Table 7.5 Testing the molding conditions designed by the CBR System. 
Single Flow Analysis 
Flow Number 1 
Mold temperature: 63.50 °C 
Melt temperature: 260 oc 
Injection time: 0.62 sec 
SECT PRESS PRESS PRESS 
NUM DROP GRAD 
MPa MPa MPalm 
1) 10.71 2.67 130.40 
2) 8.04 2.68 130.55 
3) 5.36 2.68 130.69 
4) 2.68 2.68 130.83 
STRESS SHEAR TEMP 
RATE 
MPa 1/s oc 
0.196 264.516 260.21 
0.196 264.516 260.17 
0.196 264.516 260.13 
0.196 264.516 260.09 
COOLING 
TIME 
sec 
24.97 
24.97 
24.97 
24.96 
According to the above table, the following constraints were established: 
1. Constant pressure drop along the flow path ; 
2. Constant temperature along the flow path; 
3. Constant shear stress along the flow path; 
4. Shear stress is less than the recommended maximum value (for acrylic 0.4 MPa). 
These constraints were established for obtaining moldability and a molding free of 
warpage and stress cracks. 
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7 .3.2.2 Verifying the results of the flow analysis program 
Based on the cavity processing parameters obtained by the CBR in the previous 
stage and the molding feed system dimensions, the required processing parameters 
at nozzle were obtained by the HES flow analysis program. Input and output of flow 
analysis program are illustrated in Figure 7.5. 
Cavity Processing parameters 
obtained by CBR 
Mold temperature : 63.5 oc 
Melt temperature : 260.25 °C 1------, 
Injection time : 0.6215 sec 
Pressure 10.61 MPa 
Number of cavities: 2 
Weight of cavity: 15.89 gr. 
Total weight ofmolding: 34.57 gr. 
Feed System dimensions (rnm) 
Sprue: Diameter 4 Length 45 
f----
Flow Analysis 
Program 
Pressure drop 
Temperature 
difference 
Runner: Thickness 4 Width 5 Length 18 _ 
Gate: Thickness 1 Width 2 Length 1.5 
Parameters at Nozzle 
Melt temperature:249 °C 
-----1 
Flow rate: 50.62 cu.cm/s 
Pressure : 41.00 MPa 
Figure 7.5 Inputs and Outputs of RES flow analysis program. 
Implementation ofParameters using the Moldflow Simulation Program: 
The set parameters suggested by the HES were input in the Moldflow simulation 
and analysis program to study the filling process and evaluate the analytical data 
along the flow as in Table 7.6. As a result, constant pressure gradient, constant 
temperature and constant shear stress along the flow in the cavity and shear stress 
conditions were established. These conditions provided a good indication of the 
moldability, especially with regard to achieving a molding free of warpage and stress 
cracks. 
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Table 7.6 Testing the molding conditions designed by HES on Moldflow 2D analysis. 
Flow Number 1 
(Sect 1, 2 Sprue I Sect 3 Runner I Sect 4 Gate I Sect 5-8 Cavity) 
Mold temperature: 63.50 oc 
Melt temperature: 249.00 oc 
Flow rate: 50.62 cu.cm/s 
SECT PRESS PRESS PRESS 
NUM DROP GRAD 
MPa MPa MPa/m 
1) 46.24 19.92 885.31 
2) 26.32 6.53 290.11 
3) 19.79 3.52 195.59 
4) 16.27 6.28 4189.52 
5) 9.99 2.48 121.11 
6) 7.50 2.49 121.58 
7) 5.01 2.50 122.03 
8) 2.51 2.51 122.46 
STRESS SHEAR TEMP COOLING 
RATE TIME 
MPa lis oc sec 
0.885 8056.421 256.68 21.37 
0.435 2387.088 259.16 45.04 
0.391 1898.250 260.47 41.33 
2.095 75929.984 262.90 4.64 
0.182 262.008 262.76 25.23 
0.182 262.008 262.63 25.22 
0.183 262.008 262.49 25.20 
0.184 262.008 262.37 25.19 
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7 .3.3 Comparison of HES conditions and guessworking conditions in term of 
amount of shear stress in moldings 
In order to compare the HES conditions and guessworking conditions in terms of 
magnitude of shear stress produced in the molded part during the molding process, 
18 random settings were considered. The random settings which were selected with 
considering the recommended ranges of mold temperature and melt temperature were 
implemented using Moldflow 2D program. The random processing parameters and 
associated shear stresses are presented in the Table 7.7. 
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Table 7. 7 The random processing parameters and associated shear stresses. 
No. Mold Temperature Melt Temperature Flow Rate Shear Stress 
CC) (oC ) (cu. em/sec) (MPa) 
1 70 245 20 0.189 
2 30 0.189 
3 40 0.191 
4 50 0.195 
5 60 0.201 
6 70 0.206 
7 70 250 20 0.173 
8 30 0.173 
9 40 0.176 
10 50 0.180 
11 60 0.184 
12 70 0.190 
13 70 255 20 
14 30 0.158 
15 40 0.161 
16 50 0.165 
17 60 0.168 
18 70 0.173 
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According to Table 7. 7, the shear stresses produced in the molded part during the 
injection molding process varied from 0.158 MPa to 0.206 MPa, which were less 
than the maximum recommended value 0.4 MPa for Acrylic (PMMA). The average 
shear stress produced in the molded part by using random settings conditions was 
equal to 'tAve = 0.179 MPa. On the other hand according to Table 7.6, the shear stress 
produced in molded part using HES conditions was equal to 0.184 MPa. Therefore 
HES did not make a significant contribution in comparison with guessworking in 
determining the process parameters in order to produce low shear stresses in this 
particular molding. 
The difference between the shear stress of molding obtained by HES and the shear 
stress of molding obtained by random approach in the worst cases was very low and 
equal to 0.206- 0.184 = 0.022 MPa. In practice, it is a very difficult task to detect 
this difference on the actual molded part in terms of stress crack characteristics. Due 
to the variations of melt temperature in the plasticizing cylinder, the melt temperature 
of one molding shot can be different to other shots. In practice the variations of the 
melt temperature affect the magnitude of the shear stresses in molded parts. For 
instance, if in Table 7.7 random trials number 4 and 16 are compared to each other, it 
can be seen that both trials have similar mold temperatures and flow rates, the only 
difference is in the melt temperature. In this example 1 0°C difference in temperature 
has caused 0.195 - 0.165 = 0. 03 MPa difference in the corresponding shear stresses. 
This difference is higher than 0.022 MPa. In practice 10°C variation of melt 
temperature can easily occur. Therefore detection of such a low difference in shear 
stress 0.022 MPa is a very difficult task on the actual molded part in term of stress 
cracks characteristics. 
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In order to see how the internal shear stresses can cause stress cracks in molded 
parts, a random setting was implemented on the injection molding machine as 
follows: 
Mold temperature: 63.50 oc 
Melt temperature: 245.00 oc 
Flow rate: 73.90 cu.cm/s 
In the next stage the molded part was held in the stress crack release solution 
(Methylated Spirit) for 15 minutes. A progressive crack appeared in the flow 
direction on the edge of the molded part as depicted in Figure 7.6. The magnitude of 
shear stress calculated by Moldflow under above molding parameters was equal to 
0.209 MPa and less than the maximum recommended value 0.4 MPa for Acrylic 
(PMMA). 
Figure 7.6 A progressive crack in the flow direction. 
It is important to know that the molded part produced might be a good part and in 
real situation it might perform well. The stress crack release solution is used for 
important part purposes. For a molding under high shear stress, it takes a short time 
for cracks to appear. On the other hand for a molding under low shear stress, it takes 
a long time for cracks to appear. The quality of a molded part depends on crack size 
generated for a certain time. This quality can be determined by the customer. 
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7.3.4 Discussion of results obtained in experiment two for thick cavity molding 
In this experiment HES did not make a significant contribution in comparison 
with guessworking in determining the process parameters in order to produce low 
shear stresses in this particular molding. 
When the cavity is thick, the flow can easily enter. Therefore the shear stress 
generated in the cavity is low (the shear rate in a thick cavity is lower than the shear 
rate in a thin cavity. On the other hand lower shear rate is associated with lower shear 
stress.). 
In this experiment the cavity thickness was equal to 3 mm, which is considered 
thick in the molding industry. Therefore under a wide range of random-setting 
parameters, the shear stresses produced were low and almost constant. This 
experiment proved that for a high range of cavity thickness dimensions there is no 
need to apply the HES conditions in order to produce low shear stresses in moldings. 
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7.4 Experiment Three 
7 .4.1 Molding Description: 
In this experiment a thinner cavity molding with two identical cavities was 
considered. This molding was an imaginary molding and in practice did not exist. 
Therefore experimentation was performed using Moldflow 2D simulation and 
analysis program. The molded part had the following characteristics. 
Cavity: 
Length = 60 mm 
Thickness= 1.3 mm 
Width= 30 mm 
Runner: 
Thickness = 4 mm 
Width= 5 mm 
Length = 18 mm 
Gate: 
Sprue: 
This molding is depicted in Figure 7. 7. 
(1) SPRUE 
(3) GATE 
Thickness = 1 mm 
Width= 2 mm 
Length= 1.5 mm 
Diameter = 4 mm 
End diameter = 6 mm 
Length = 45 mm 
(1) 
(2) RUNNER 
(4) CAVITY 
Figure 7. 7 A molding with two identical cavities. 
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This experiment was conducted to validate the processing parameters derived 
using HES especially with regard to the stress conditions. In this experiment acrylic 
was used as processing material since it is a stress sensitive material. 
7.4.2 Verifying the results of the CBR program 
Features of the cavity: 
Material: Acrylic PMMA (Rohmhaas/ RhlOI) 
Type of flow: Unidirectional flow 
Flow Length (mm): 60 
Flow Thickness (mm) : 1.3 
Weight of cavity (gr): 2.36 
According to the above features of the new molding, the following rule was fired 
by the CBR system to retrieve four applicable frame cases. 
If (material = 'Acrylic PMMA (Rohmhaas/ RhlOl)' AND FLOW TYPE == 
'Unidirectional flow' AND L >= 40 AND L <= 100 AND Th >= 1 AND Th < 2) 
Then { 
Case 1 : L1= 40; Th1=1; Tmld1= 75; Tmltl= 270; t1= 0.26; Prq1 = 26.53; 
Case 2: L2= 40; Th2=2; Tmld2= 70; Tmlt2= 260; t2= 0.29; Prq2 = 10.01; 
Case 3 : L3= 100; Th3=1; Tmld3= 80; Tmlt3= 275; t3= 0.6; Prq3 = 61.04; 
Case 4: L4= 100; Th4=2; Tmld4=75; Tmlt4= 265; t4= 0.68; Prq4 = 22.96; } 
These frame cases were used in conjunction with Equation (4.6) by CBR system to 
determine· the processing parameters applicable to the new molding requirements as 
follows. 
Molding conditions in the cavity derived by the CBR System: 
Mold temperature (°C): 75.166 
Melt temperature CC): 268.66 
Injection time (sec): 0.387 
Flow rate (cu.crn/sec): 6.03 
Pressure required (Mpa):26.28 
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Test and Implementation of Cavity molding parameters by Moldflow: 
Molding conditions derived by the CBR System were tested using Moldflow 2D 
simulation program as depicted in Table 7.8. 
Table 7.8. Testing the molding conditions designed by the CBR System. 
Flow Number 1 
Mold temperature: 75.17°C 
Melt temperature: 268.66°C 
Injection time: 0.39 sec 
Flow rate: 6.03 cu.cm/sec 
SECT PRESS PRESS PRESS 
NUM DROP GRAD 
MPa MPa MPa/m 
1) 26.08 8.70 435.21 
2) 17.37 8.69 434.61 
3) 8.68 8.68 434.07 
STRESS SHEAR TEMP 
RATE 
MPa 1/s oc 
0.283 713.609 268.71 
0.282 713.609 268.76 
0.282 713.609 268.80 
COOLING 
TIME 
sec 
7.74 
7.75 
7.75 
According to the above process parameters, the following constraints were 
established: 
1. Constant pressure drop along the flow path ; 
2. Constant temperature along the flow path; 
3. Constant shear stress along the flow path; 
4. Shear stress is· less than the recommended maximum value (for acrylic 0.4 MPa). 
These constraints were established for obtaining moldability and a molding free of 
warpage and stress cracks. 
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7 .4.3 Verifying the results of the flow analysis program 
Based on the cavity processing parameters obtained by the CBR in the previous 
stage and the molding feed system dimensions, the required processing parameters 
at nozzle were obtained by the HES flow analysis program. The input and output of 
flow analysis program are illustrated in Figure 7.8. 
Cavity Processing parameters 
obtained by CBR 
Mold temperature: 75.166 oc 
Melt temperature: 268.66 °C 
Injection time: 0.387 sec 
Flow rate (cu.cm/sec): 6.03 
Pressure: 26.28 MPa 
Number of cavities: 2 
Weight of cavity: 2.36 gr. 
Feed System dimensions (rnm) 
Sprue: Diameter 4 Length 45 
Flow Analysis 
Program 
Pressure drop 
___. Temperature 
difference 
Runner: Thickness 4 Width 5 Length 18 r--
Gate: Thickness 1 Width 2 Length 1. 5 
Parameters at Nozzle 
--+ Melt temperature: 263. 6°C 
Flow rate: 12.06 cu.cm/sec 
Pressure : 3 9. 73 MPa 
Figure 7.8 Inputs and outputs of HES flow analysis program. 
Implementation of Parameters using the Moldflow Simulation Program: 
The set parameters suggested by the HES were input in the Moldflow simulation 
and analysis program to study the filling process and evaluate the analytical data 
along the flow as depicted in Table 7.9. As a result, constant pressure gradient, 
constant temperature and constant shear stress along the flow in the cavity and shear 
stress condition (t < 0.4 MPa) were developed. These conditions provided a good 
107 
indication of moldability, especially with regard to achieving a molding free of 
warpage and stress cracks. 
Table 7.9 Testing the molding conditions designed by HES on Moldflow 2D 
analysis. 
Mold temperature: 75.17°C 
Melt temperature: 263.60°C 
Flow rate: 12.06 cu.crn!sec 
(Sect 1, 2 Sprue I Sect 3 Runner I Sect 4 Gate I Sect 5 - 7 Cavity ) 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP 
NUM DROP GRAD RATE 
MPa MPa MPa/m MPa 1/s oc 
1) 41.60 7.78 345.94 0.346 1919.408 266.44 
2) 33.82 2.92 129.94 0.195 568.714 267.37 
3) 30.89 1.64 91.22 0.182 452.250 267.77 
4) 29.25 2.94 1958.96 0.979 18089.998 268.89 
5) 26.31 8.79 439.47 0.286 713.609 268.97 
6) 17.52 8.77 438.51 0.285 713.609 269.04 
7) 8.75 8.75 437.66 0.284 713.609 269.10 
COOLING 
TIME 
sec 
25.21 
52.78 
48.24 
5.38 
7.75 
7.75 
7.75 
7.4.4 Comparison ofHES conditions and guesswork approach in term of 
magnitude of the shear stresses in moldings 
Twenty four random trial settings were selected taking into consideration the 
recommended ranges of mold temperature and melt temperature. The parameters 
were implemented using Moldflow 2D program to obtain the magnitude of shear 
stress produced during the molding process. The random processing parameters and 
the associated shear stresses are depicted in Table 7.10. 
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Table 7.10. The random processing parameters and associated shear stresses. 
No. Mold Temperature Melt Temperature Flow Rate Shear Stress 
ec) (oC ) (cu. em/sec) (MPa) 
70 250 5 0.422 
2 15 0.401 
3 25 0.438 
4 35 0.467 
5 45 0.491 
6 55 0.51 
7 65 0.527 
8 75 0.542 
9 80 260 5 0.346 
10 15 0.32 
11 25 0.35 
12 35 0.378 
13 45 0.399 
14 55 0.417 
15 65 0.433 
16 75 0.447 
17 80 265 5 0.317 
18 15 0.286 
19 25 0.316 
20 35 0.34 
21 45 0.36 
22 55 0.376 
23 65 0.391 
24 75 0.404 
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According to Table 7.10, the shear stresses produced under twelve random 
molding conditions violated the maximum recommended value, 0.4 MPa. In twenty 
four experiments shear stress varied from 0.286 MPa to 0.542 MPa. The average· 
shear stress was also equal tot Ave= 0.42 MPa which was more than the maximum 
recommended value, 0.4 MPa. 
It is interesting to know that, according to Table 7.9, the magnitude of shear 
stress in molding under HES conditions was equal to 0.286 .rvfi>a which was very 
close (equal) to the lowest shear stress obtained under twenty four random trials. 
Therefore, by using HES, it is more likely to result in a molding with low shear 
stress rather than using the guessworking approach. 
7.4.5 Discussions of results obtained in experiment three for thin cavity molding 
In this experiment the.molding cavity had a rather thin thickness of 1.3 mm and 
HES conditions were very effective in determining the molding parameters in order 
to obtain low shear stress in the molding. Therefore it can be concluded that HES is 
especially useful in determining the molding conditions for thin cavities. On the other 
hand CBR approach can be very effective in determining the processing parameters 
for thin mold cavities (difficult flows) when obtaining the processing conditions is 
critical. The cases which were used in case based-reasoning had significant effect on 
the accuracy of the solution. At the implementation stage of CBR, these cases have 
been tightly determined using a trial and error approach because the thickness of 
these cases are in the low ranges. 
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7.5 Experimentation 4- Radial Flow 
HES was originally designed to be applied for the unidirectional flow type. 
However, in this experiment HES was used for a radial flow type and resufts were 
analyzed. In this experiment Nylon 6 was used as processing material because it is a 
commonly used material in the molding industry. The radial molding presented in this 
experiment does not exist in practice. Therefore, Moldflow (Austin, 1993) was 
applied to simulate and test the molding conditions obtained by HES. 
7.5.1 Molding description 
A single cavity molding with the radial flow type and following characteristics 
was considered. 
Material: Nylon 6 (PA6) 
material identity grade: (AK.ZOMATA A100) 
Cavity dimensions (mm): 
Length= 100 
Height= 25 
Type of flow: Radial (center gate) 
Flow Length= 75 (mm) 
This molding is depicted in Figure 7.9. 
Ill 
Width= 100 
Thickness= 2.5 
•.. \BIN\CASE3 
MOLD FLOW 
Figure 7.9 A single cavity molding called container. 
7.5.2 Implementation of the CBR System 
The CBR System was implemented to find the required molding parameters in the 
cavity. According to the features of this molding the following rule was fired by HES. 
If (material == ' Nylon 6 P A6 (AKZOMA TA AI 00)' AND FLOW TYPE == 'Radial' 
AND L >= 40 AND L <= 80 AND Th > 2 AND Th < = 4), 
Then the following four frame cases were retrieved: 
CASE 1 
CASE2 
CASE3 
CASE4 
Ll= 40; Thl=2; Trnldl= 60; Trnltl= 260; tl= 2; Prql = 1.08; 
L2= 40; Th2=4; Tmld2= 40; Tmlt2= 240; t2= 5; Prq2 = 0.23; 
L3= 80; Th3=2; Tmld3= 70; Trnlt3= 270; t3= 2; Prq3 = 2.87; 
L4= 80; Th4=4; Tmld4= 70; Tmlt4= 250; t4= 5; Prq4 = 0.59; 
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In the center of a radial flow the shear stress and subsequently pressure drop and 
temperature are always higher than later sections along the flow. The optimum 
parameters of cases were derived in order to stabilize the shear stress along the flow 
as the flow passed the center and reached the latter sections. 
By applying previous similar Four Frame Cases and Equation (4.6), the set of 
required parameters in the cavity was given as: 
Mold Temperature: 68 °C 
Melt Temperature: 263.75 °C 
Injection time= 2. 75 sec 
Pressure required= 1.59 MPa 
7.5.3 Test and Implementation of parameters derived by the CBR using 
Moldflow 2D 
The molding was constructed using Moldflow 2D so that the cavity was divided 
into five radial sections as illustrated in Figure 7. 10. 
Figure 7.10 Modelling of the Radial Flow using Moldflow 2D simulation program. 
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The molding parameters were derived by the CBR implemented on Moldflow as 
illustrated in Table 7.11. 
Table 7.11 Implementation of parameters derived by the CBR using Moldflow 2D Analysis. 
Single flow analysis: 
Flow Number 1 
Mold temperature: 68.00 oc 
Melt temperature: 263.75 °C 
Injection time: 2.75 sec 
Flow rate: 16.06 cu.cm/sec 
SECT PRESS PRESS PRESS 
NUM DROP GRAD 
MPa MPa MPa/m 
1) 1.38 0.64 42.53 
2) 0.75 0.26 17.61 
3) 0.48 0.18 12.18 
4) 0.30 0.15 10.24 
5) 0.15 0.15 9.70 
STRESS SHEAR TEMP COOLING 
RATE TIME 
MPa 1/s oc sec 
0.053 327.273 263.15 6.53 
0.022 109.091 260.79 6.31 
0.015 65.455 256.83 5.93 
0.013 46.753 251.38 5.39 
0.012 36.364 244.59 4.69 
According to the above process parameters the following constraints were 
established. 
1. Constant pressure drop along the flow path (as the flow passed the center of 
molding and reached the latter sections); 
2. Constant temperature along the flow path (i.e., temperature difference< 20 oc ); 
3. Shear stress less than 0.5 MPa (i.e., maximum value for Nylon 6). 
These constraints were established for obtaining a molding free of warpage and stress 
cracks. 
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7.5.4 Comparison ofCBR with guesswork approach 
To compare the result ofCBR and guessworking, four sets.ofmolding parameters 
were implemented. The melt and the mold temperature were chosen as a middle value 
ofthe material manufacturer's recommended range. The flow rates were chosen as 5, 
10, 40 and 60 (cu.cm/sec) as shown in Tables 7.12. to 7.15. 
Table 7.12 Testing first trial set of guessworking. 
Mold temperature: 60.00 oc 
Melt temperature: 255.00 oc 
Injection time: 8.84 sec 
Flow rate: 5.00 cu.cm/sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa!m MPa 1/s oc sec 
1) 0.93 0.33 21.88 0.027 101.859 252.49 5.23 
2) 0.60 0.15 9.68 0.012 33.953 244.86 4.49 
3) 0.46 0.12 8.31 0.010 20.372 232.78 3.24 
4) 0.33 0.14 9.48 0.012 14.551 217.18 1.49 
5) 0.19 0.19 12.80 0.016 11.318 199.18 0.00 
In this trial the uniform temperature condition was violated. The difference of melt 
temperature from beginning to the end of the flow was equal to: 
255 - 199.18 = 55.82°C. 
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Table 7.13 Testing second trial set of guessworking. 
Mold temperature: 60.00 oc 
Melt temperature: 255.00 oc 
Injection time: 
Flow rate: 
4.42 sec 
10.00 cu.cm/s 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP 
NUM DROP GRAD RATE 
MPa MPa MPa/m MPa 1/s oc 
1) 1.27 0.55 36.63 0.046 203.718 253.88 
2) 0.73 0.23 15.48 0.019 67.906 250.05 
3) 0.49 0.17 11.38 0.014 40.744 243.78 
4) 0.32 0.16 10.45 0.013 29.103 235.31 
5) 0.17 0.17 11.04 0:014 22.635 224.98 
COOLING 
TIME 
sec 
5.37 
5.00 
4.38 
3.51 
2.38 
In this trial the uniform temperature condition was violated. The difference of melt 
temperature from beginning to the end of the flow was equal to: 
255 - 224.98 = 30.02°C. 
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Table 7.14 Testing third trial set of guessworking. 
Mold temperature: 60.00 oc 
Melt temperature: 255.00 oc 
Injection time: 1.10 sec 
Flow rate: 40.00 cu.cm/s 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa lis oc sec 
1) 3.15 1.43 95.57 0.119 814.873 255.18 5.49 
2) 1.72 0.64 42.72 0.053 271.624 254.42 5.42 
3) 1.08 . 0.44 29.08 0.036 162.975 252.93 5.27 
4) 0.64 0.34 22.98 0.029 116.410 250.77 5.07 
5) 0.30 0.30 19.77 0.025 90.541 247.99 4.80 
In this trial the shear stress along the flow is not uniform and its value was almost 
twice the shear stress produced using CBR conditions. 
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Table 7.15 Testing fourtb trial set of guess working. 
Mold temperature: 60.00 oc 
Melt temperature: 255.00 oc 
Injection time: 0.74 sec 
Flow rate: 60.00 cu.cm/s 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa 1/s oc sec 
1) 4.13 1.85 123.29 0.154 1222.310 255.44 5.51 
2) 2.28 0.85 56.88 0.071 407.437 255.08 5.48 
3) 1.42 0.58 38.85 0.049 244.462 254.19 5.39 
4) 0.84 0.46 30.42 0.038 174.616 252.82 5.26 
5) 0.39 0.39 25.69 0.032 135.812 251.00 5.09 
In this trial with increasing flow rate compared to the previous trial, the shear stress 
was increased. 
According to the above experiments, parameters derived using CBR can provide 
better flow conditions in comparison with guessworking. 
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7.5.5 Verification of the CBR by Moldflow 3D 
To study the validation of CBR, a 3D mesh model of the cavity was also 
constructed using the Moldflow package and the processing parameters derived by 
the CBR were applied to simulate the molding process. 
7.5.5.1 3D Model 
A 3D mesh model of the cavity was constructed using Moldflow and is illustrated 
in Figure 7.11. 
MOLD FLOW 
Figure 7.11 A 3D mesh model of cavity as constructed by Moldflow. 
Consequently, three plots including pressure, temperature and shear stress 
distributions were generated by Moldflow 3D, based on the parameters obtained 
using the CBR System. 
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7.5.5.2 Plot of pressure distribution 
The maximum required pressure observed in Figure 7. 12 was equal to 1. 9 MPa 
which was close to the pressure that the CBR system estimated (1.59 MPa). 
..• \BIN\CASEJ.FNR 
FAST ALGORITHM 
MOLD FLOW 
Figure 7.12 Plot of pressure distribution. 
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7.5.5.3 Plot of temperature distribution 
The temperature difference established in this molding was low and equal to 15 oc. 
This condition is required in order to prevent warpage in. molded part. Figure 7. 13. 
represents the plot of temperature distribution in the molding. 
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Figure 7.13 Plot of temperature distribution. 
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7.5.5.4 Plot of shear stress distribution 
According to the shear stress distribution depicted in Figure 7.14, the maximum 
shear stress caused during the mold filling was equal to 0.155 MPa, which was less 
than the allowable value (the allowable value of shear stress for Nylon 6 material is 
equal to 0.5 MPa). This condition is required in order to obtain a molding free of 
warpage and stress cracks. 
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Figure 7.14 Plot of shear stress distribution. 
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According to the above experiments, the parameters which were derived by CBR 
system were implemented using Moldflow 3D and moldability, uniform temperature 
and stress conditions were obtained. 
HES was originally designed to be applied for the unidirectional flow type. 
However, in this experiment HES was used for a radial flow type and subsequently 
satisfactory results were obtained. 
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CHAPTER8 
CASE STUDY 
8.1 Objective 
Two case studies are presented in this section. Case study one is related to 
experiment one and case study two is related to experiment two. These experiments 
were conducted as discussed in chapter 7. In the first case study the development of 
HES for experiment one including CBR, flow analysis and postprocessor programs is 
described in detail. In the second case study a summary of HES development for 
experiment two is presented. 
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8.2 Case Study One 
8.2.1 Molding Descriptions 
A molding with two identical cavities having the following characteristics was 
considered. 
Material: High Impact Polystyrene (HIPS) 
Material identity grade: (Chemplex ex 30 I) 
Cavity: 
Diameter = 82 nun 
Thickness = 3 mm 
Weight= 14.18 gr. 
Runner: 
Thickness = 4 mm 
Width= 5 mm 
Length = 18 mm 
Number of cavities: 2 
Gate: 
Sprue: 
This molding is depicted in Figure 8.1. 
Thickness = 1 nun 
Width=2nun 
Length= 1.5 nun 
Diameter = 4 nun 
End diameter = 6 mm 
Length = 45 nun 
Total weight= 30.30 gr. 
(1) 
(2) (3) 
: ......... : 
(l) SPRUE 
(3) GATE 
(2)RUNNER 
(4) CAVITY 
Figure 8.1 A molding with two identical cavities. 
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(4) 
8.2.2 Determination of four basic Frame Cases 
DEVELOPMENT 1 Determination of four basic Frame Cases using Moldflow: 
Determination ofFRAME CASE 1: 
Molding Features of frame case one are as follows: 
Material: HIPS (High Impact Polystyrene) 
Manufacturer Grade: (Chemplex Cx301) 
Type of flow: Unidirectional flow 
Flow Length (rnrn): 40 
Flow Thickness (rnm): 2 
Optimum molding cnnditions of frame case one were derived using Moldflow 2D 
program as follows: 
Mold temperature: 50.00 °C 
Melt temperature: 230.00 °C 
Injection time: 0.30 sec 
Flow rate: 2.67 cu.crnlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM. DROP GRAD RATE TIME 
MPa MPa MPa/m 'MPa 1/s oc sec 
1) 6.56 3.28 163.94 0.164 400.000 229.94 10.99 
2) 3.28 3.28 164.10 0.164 400.000 229.88 10.98 
Frame case one, including case features and processing parameters, can be written as: 
Material: HIPS (High Impact Polystyrene) 
Manufacturer Grade: (Chemplex Cx301) 
Type of flow: Unidirectional flow 
Flow Length (mm): 40 
Flow Thickness (rnm) : 2 
Mold temperature: 50.00 °C 
Melt temperature: 230.00 oc 
Injection time : 0.30 sec 
Injection Pressure : 6.56 MPa 
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Determination ofFRAME CASE2: 
Molding Features of frame case two are as follows: 
Material: HIPS (High Impact Polystyrene) 
Manufacturer Grade: (Chemplex Cx301) 
Type of flow: Unidirectional flow 
Flow Length (mm) : 40 
Flow Thickness (mm) : 4 
Optimum molding conditions of frame case two were derived using Moldflow 2D 
program as follows: 
Mold temperature : 50.00 °C 
Melt temperature : 230.00 °C 
Injection time : 0.40 sec 
Flow rate: 4.00 cu.crnlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa!m MPa lis °C sec 
1) 2.04 1.02 50.96 0.102 150.000 229.76 35.57 
2) 1.02 1.02 51.14 0.102 150.000 229.53 35.53 
Frame case two, including case features and processing parameters, can be written 
as: 
Material: HIPS (High Impact Polystyrene) 
Manufacturer Grade: (Chemplex Cx301) 
Type of flow: Unidirectional flow 
Flow Length (mm) : 40 
Flow Thickness (mm) : 4 
Mold temperature: 50.00 °C 
Melt temperature: 230.00 °C 
Injection time: 0.40 sec 
Injection Pressure: 2.04 MPa 
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Determination of FRAME CASE 3: 
Molding Features of frame case three are as follows: 
Material: HIPS (High Impact Polystyrene) 
Manufacturer Grade: (Chemplex Cx301) 
Type of flow: Unidirectional flow 
Flow Length (mm) : 100 
Flow Thickness (mm) : 2 
Optimum molding conditions of frame case three were derived using Moldflow 2D 
program as follows: 
Mold temperature : 50.00 oc 
Melt temperature : 240.00 °C 
Injection time : 0.70 sec 
Flow rate: 2.86 cu.cm/sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPalm MPa lis oc sec 
1) 15.04 2.99 149.58 0.150 428.571 239.79 11.47 
2) 12.05 3.00 150.oi 0.150 428.571 239.58 11.46 
3) 9.05 3.01 150.43 0.150 428.571 239.39 11.45 
4) 6.04 3.02 150.83 o.f51 428.571 239.20 11.44 
5) 3.02 3.02 151.22 0.151 428.571 239.01 11.43 
Frame case three, including case features and processing parameters, can be written 
as: 
Material: HIPS (High Impact Polystyrene) 
Manufacturer Grade: (Chemplex Cx301) 
Type of flow: Unidirectional flow 
Flow Length (mm): 100 
Flow Thickness (mm) : 2 
Mold temperature : 50.00 °C 
Melt temperature: 240.00 oc 
Injection time : 0. 70 sec 
Injection Pressure : 15.04 MPa 
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Determination ofFRAME CASE 4: 
Molding Features of frame case four are as follows: 
Material: HIPS (High Impact Polystyrene) 
Manufacturer Grade: (Chemplex Cx301) 
Type of flow: Unidirectional flow 
Flow Length (mm) : 100 
Flow Thickness (mm) : 4 
Optimum molding conditions of frame case four were derived using Moldflow 2D 
program as follows: 
Mold temperature : 50.00 °C 
Melt temperature : 230.00 °C 
Injection time : 0.90 sec 
Flow rate: 4.44 cu.crnlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa 1/s oc sec 
1) 5.40 1.08 53.78 0.108 166.667 229.89 35.59 
2) 4.32 1.08 53.87 0.108 166.667 229.78 35.57 
3) 3.24 1.08 53.96 0.108 166.667 229.67 35.55 
4) 2.16 1.08 54.05 0.108 166.667 229.56 35.53 
5) 1.08 1.08 54.14 0.108 166.667 229.45 35.52 
Frame case four, including case features and processing parameters, can be written 
as: 
Material: HIPS (High Impact Polystyrene) 
Manufacturer Grade: (Chemplex Cx301) 
Type of flow: Unidirectional flow 
Flow Length (mm) : 100 
Flow Thickness (mm): 4 
Mold temperature : 50.00 oc 
Melt temperature: 230.00 oc 
Injection time: 0.90 sec 
Injection Pressure: 5.40 MPa 
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8.2.3 Second Implementation Stage of the CBR System-Case Similarity 
To search for the existing solutions, IF - THEN rules , similarity rules, were 
applied to find out the similarities between new problem features and existing 
solutions. The condition part of the similarity rules included the material and flow 
type as well as the flow length and thickness of four frame cases. The action part of 
the similarity rules comprised sets of required operating parameters of four frame 
cases. Therefore, if the features of the new molding problem fit into the condition 
part of the similarity rule then the action part fires the four corresponding frame 
cases. 
DEVELOPMENT 2 Definition of Similarity Rule: 
IF ( Condition ) THEN ( Action ) 
The condition part ofthe similarity rule includes the following features: 
Material: HIPS (Chemplex Cx301) 
Type of flow: Unidirectional flow 
Flow Length (mm) : 40 to 100 
Flow Thickness (mm) : 2 to 4 
If the features of the new molding problem fit into the condition part of the similarity 
rule then the action part fires the four corresponding frame cases. 
The action part of the similarity rule includes the following four basic Frame Cases: 
These four basic frame cases were similar to the newly defined case and they were 
used to adapt a solution for the new molding case. 
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Frame Case One: 
Material: HIPS (Chemplex Cx301) 
Type of flow: Unidirectional flow 
Flow Length (mm) : 40 
Flow Thickness (rnrn) : 2 
Mold temperature : 50.00 °C 
Melt temperature : 230.00 °C 
Injection time : 0.30 sec 
Injection Pressure: 6.56 MPa 
Frame Case Two: 
Material: HIPS (Chemplex Cx30l) 
Type of flow: Unidirectional flow 
Flow Length (rnrn) : 40 
Flow Thickness (rnrn) : 4 
Mold temperature : 50.00 oc 
Melt temperature : 230.00 °C 
Injection time : 0.40 sec 
Injection Pressure: 2.04 MPa 
Frame Case Three: 
Material: HIPS (Chemplex Cx301) 
Type of flow: Unidirectional flow 
Flow Length (mm) : 100 
Flow Thickness (mm) : 2 
Mold temperature : 50.00 °C 
Melt temperature: 240.00 oc 
Injection time : 0. 70 sec 
Injection Pressure : 15.04 MPa 
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Frame Case Four: 
Material: HIPS (Chemplex Cx30l) 
Type of flow: Unidirectional flow 
Flow Length (mm) : 100 
Flow Thickness (mm): 4 
Mold temperature: 50.00 oc 
Melt temperature: 230.00 °C 
Injection time : 0.90 sec 
Injection Pressure: 5.40 MPa 
8.2.4 Third Implementation Stage of the CBR System 
In the next stage, Equations (4.4) to (4.6) were used as the adapting equations to 
find the melt temperature, pressure and injection time for the new molding 
requirements. 
DEVELOPMENT 3 
The CBR System for a new molding with the following features was developed. 
Features of a new molding 
Material: HIPS (Chemplex Cx301) 
Type of flow: Unidirectional flow 
Flow Length (mm) : 82 
Flow Thickness (mm) : 3 
Molding conditions derived by the CBR System using previous similar four frame 
cases and Equations (4.4) to (4.6) can be written as: 
Mold temperature : 50 oc 
Melt temperature : 233 oc 
Injection time : 0.665 sec 
Injection Pressure : 6. 78 MPa 
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8.2.5 Test and Implementation of Cavity molding parameters by Mold flow 
Molding conditions derived by the CBR System were tested using the Moldflow 
20 simulation program as depicted in Table 8.1. 
Table 8.1. Confirming the result of CBR System with the employment of the Moldflow 
Program. 
Flow Number 1 
Mold temperature : 50.00 °C 
Melt temperature : 233.00 °C 
Injection time : 0.67 sec 
Flow rate: 23.67 cu.crn!s 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM. DROP GRAD RATE TIME 
MPa l\1Pa l\1Pa/m MPa 1/s oc sec 
l) 6.76 1.68 82.08 0.123 244.776 232.82 21.81 
2) 5.07 1.69 82.30 0.123 244.776 232.65 21.80 
3) 3.39 1.69 82.51 0.124 244.776 232.49 21.78 
4) 1.70 1.70 82.71 0.124 244.776 232.32 21.77 
The following constraints wem also established: 
1. Constant pressure drop along the flow path ; 
2. Constant temperature along the flow path; 
3. Constant shear stress along the flow path; 
4. Shear stress less than maximum recommended (0.3 .MPa). 
These constraints were chosen in order to obtain a good molding, free of warpage 
and stress cracks. 
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8.2.6 Melt flow Analysis by HES 
DEVELOPMENT 4 Melt flow analysis using flow analysis program: 
Based on cavity processing parameters obtained by CBR at a previous stage and 
. the molding feed system dimensions, the required processing parameters at nozzle 
can be obtained using the flow analysis program as illustrated in Figure 8.2. 
Cavity Processing parameters 
obtained by CBR 
Mold temperature : 50.00 oc 
Melt temperature : 233.00 oc 
Injection time : 0.665 sec 
Pressure: 6.78 MPa 
Flow Analysis 
Program 
Number of cavities: 2 Pressure drop 
Weight of cavity: 14.18 gr. ~ Temperature 
Weight oftotal molding: 30.3 gr. difference in 
Feed System dimensions (nun) 
Sprue: Diameter 4 Length 45 
Runner: Thickness 4 Width 5 Length 18 
the feed system 
Gate: Thickness 1 Width.2 Length 1.5 
Parameters at Nozzle 
Melt temperature:223 oc 
Flow rate: 47.34 cu.cm/s 
Pressure: 22.48 MPa 
Figure 8.2 Input and output of the flow analysis program. 
To perform the flow analysis on feed system, the calculations were carried out 
from gate backward and toward the runner and finally the sprue. 
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8.2.6.1 Melt flow analysis at gate 
Gate dimensions (mm): Thickness (h =I) Width (w = 2) Length (L = 1.5) 
Flow rate calculation (0): 
Q = ( Wcavity * 1000) I (den* t) 
Where: 
Wcavity= 14.18gr. 
(den) Material density: denHIPs = 901 (kg/cu.m) 
(t) Cavity filling time which was obtained by CBR System t = 0.665 sec 
Q = 23.67 (cu.cm/sec) 
According to Table 5.1, 
Shear rate calculation (SR): 
SR = 6Q * 1000 I ( w h 2 ) 
= 71010 (lis) 
Viscosity calculation (Vis): 
Vis= A* (SR)8 * exp (T *C) 
For HIPS (CX301), the Viscosity Factors are included below: 
if( T >= 210 oc && T <= 225 oC){A = 546697; B = -0.683801; C = -1.555396e-2; 
} 
if( T > 225 oc && T <= 245 oc ){A= 241285; B = -0.672979; C = -1.23228le-2;} 
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Tcavity = 233 oc was the optimum temperature in the cavity obtained by the CBR 
previously. Therefore, viscosity factors were chosen as below: 
A= 241285 
B= -0.672979 
C= -1.232281e-2; 
Vis= 7.4257694 (Pa.sec) 
Shear stress calculation (t): 
t = SR *Vis 
t = 527303.88 Pa 
Pressure drop calculation (LlP): 
L\P = 2Lih * (SR *Vis) 
= 1581911.6 Pa 
Frictional heating (Hti:iJ and temperature difference (L\ T) calculations: 
Hrric = 2 t w L (Vave * ot) * 10 -9 
Vave = Q /(h * w) 
= 11835 (mm/sec) 
ot=L/Vave 
= 1.2674271E-04 sec 
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Hmc = 21: w L (Vave * ot) * 10 "9 
= 4. 7457E-03 Joule 
L1T = H * 10 9 I (L*w*h *SHg *den) 
For HIPS: 
Shg = 1771 ( Jou1e1ec. kg)) 
den= 901 (kg/cu.m) 
Therefore 
LlPgate = 1581911.6 Pa 
LlT gate= 0.99°C 
Pgate = Pcavity + LlPgate 
= 8.36 :MPa 
Tgate = Tcavity- LlTgate 
= 232.01°C 
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8.2.6.2 Melt flow analysis at Runner 
Runner dimensions (mm): Thickness (h = 4) Width (w = 5) Length (L = 18) 
Flow rate calculation (0): 
Qrunner = Q gate= 23.67 cu.crnlsec 
According to Table 5.1, 
Shear rate calculation (SR): 
SR = 6Q * 1000 I (w h 2) 
= 1775.25 (1/s) 
Viscosity calculation (Vis): 
Vis = A * (SR)B * exp (T * C) 
For HIPS the viscosity factors are: 
if( T >= 210 oc && T <= 225 oC){A = 546697; B = -0.683801; C = -1.555396e-2; 
} 
if( T > 225 oc && T <= 245°C ){A= 241285; B = -0.672979; C = -1.23228le-2; } 
T gate = 23 2 oc, therefore: 
A= 241285 
B= -0.672979 
C= -1.232281e-2; 
Vis= 90.000 (Pa.sec) 
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Shear stress calculation (t): 
According to Table 5.1, deformational factor equal to 1.4 is considered for 
calculation of shear stress in the runner. 
t = 1. 4 * SR * Vis 
t = 223683.25 Pa 
Pressure drop calculation (LiP): 
LlP = (2L!h) t 
LlP = (2 * 1814) * t = 2013149.3 Pa 
Frictional heating (Hm_J and temperature difference (LlT) calculations: 
Hfric = 2 t w L (Vave * ot) * 10 -9 
Va'{e = Q * 1000 l(h * w) 
Vave= 1183.5 (mm/sec) 
ot = L I Vave 
ot=l811183.5 
=0.0152 sec 
Hfric = 2 t w L (Vave * ot) * 10 -9 
= 0.7247337 Joule 
ilT = H * 10 9 I (L*w*h *SHg *den) 
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For HIPS: 
Shg = 1771 ( Joule/(°C . kg)) 
den = 901 (kg/cu.m) 
Therefore, L1 T = 1.261 °C 
L1P runner= 2013149.3 Pa 
L1 T runner= 1.261 °C 
P runner = Pgate + L1Prunner 
= 10.375 MPa 
T runner= Tgate - L1 T runner 
= 230.739°C 
8.2.6.3 Melt flow analysis at Sprue 
To analyze the sprue it is divided into two sections. The first section is a cylinder 
with diameter equal to the sprue diameter itself and the second cylinder has a 
diameter equal to the end diameter of the sprue. 
Sprue dimensions(mm): Diameter 4 End Diameter 6 Length 45 
8.2.6.3.1 Melt flow analysis at the second section of sprue 
Diameter D=6 mm, Length L=22.5 mrn. 
Flow rate calculation CQ): 
Qsprue = 2 * Q runner= 47.34 (cu.cm/sec) 
139 
According to Table 5.1, 
Shear rate calculation (SR): 
SR = 4Q * 1000 I (IT R3) 
where 
R=D/2=3 mm 
SR = 2232.4133 (1/sec) 
Viscosity calculation (Vis): 
Vis = A * (SR)8 * exp (T * C) 
For HIPS the viscosity Factors are: 
if( T >= 210 o C && T <= 225 o C){ A= 546697; B = -0.683801; C = -1.555396e-2; 
} 
if( T > 225 o C && T <= 245 o C){ A= 241285; B = -0.672979; C = -1.232281e-2; 
} 
Trunner = 230. 74°C, therefore: 
A= 241285 
B= -0.672979 
C= -1.232281e-2; 
Vis= 78.346 (Pa.sec) 
Shear stress calculation ('r): 
According to Table 5.1, deformational factor equal to 1.4 is considered for 
calculation of shear stress in the sprue. 
-r = 1.4 * (SR* Vis) 
-r = 244859.45 Pa 
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Pressure drop calculation (L1P): 
L1P = (4L/d) t 
L1P =3672891.8 Pa 
Frictional heating (HmJ and temperature difference (L1 T) calculations: 
Hfric = t I1 d L (Vave * ot) * 10 -9 
Vave = Q * 1000 /(n d2 /4) 
Vave = 1674.3 (mm I sec) 
ot = L I Vave 
ot = 22.5 1 1674.3 
ot =0.0134383 sec 
Hfric = t I1 d L (Vave * ot) * 10 -9 
Hfric = 2.3365 Joule 
L1T = H * 10 9 I [(n d 2 )/4 *L *SHg *den)] 
For HIPS: 
Shg = 1771 (Joule/ (°C. kg)) 
den= 901 (kg/cu.m) 
Therefore 
L1T=2.3°C 
L1P cylinder 2 = 3672891.8 Pa 
L1T cylinder 2= 2.3°C 
Pcylinder 2 = Prunner + dPcylinder 2 
= 14.05 Wa 
Tcylinder 2 = Trunner- L1 T cylinder 2 
= 228.439°C 
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8.2.6.3.2 Melt flow analysis at the first section of sprue 
diameter d = 4 mm Length L = 22.5 mm 
Flow rate calculation (0): 
Qcylinderl = Q cylinder2= 47.34 (cu.crnlsec) 
According to Table 5.1, 
Shear rate calculation (SR): 
SR = 4Q * I 000 I ( n R 3 ) 
R=D/2=2 mm 
SR = 7534.395 (1/sec) 
Viscosity calculation (Vis): 
Vis = A * (SR)B * exp (T * C) 
For HIPS the viscosity factors are: 
if( T >= 210°C && T <= 225°C){A = 546697; B = -0.683801; C = -1.555396e-2;} 
if( T > 225°C && T <= 245°C){A = 241285; B = -0.672979; C = -1.232281e-2;} 
Tcylinderl = 228.439°C, therefore: 
A= 241285 
B= -0.672979 
C= -1.232281e-2; 
Vis= 35.547(Pa.sec) 
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Shear stress calculation ('r): 
According to Table 5.1, deformational factor equal to 1.4 ts considered for 
calculation of shear stress in the sprue. 
-r = 1.4 * (SR * Vis ) 
-r = 374960.71 Pa 
Pressure drop calculation (M): 
dP = (4L/d) -r 
LlP =8436616.1 Pa 
Frictional heating (HmJ and temperature difference (Ll T) calculations:· 
Hfric = 1: IT d L (Vave * 8t) * 10-9 
Vave = Q * 1000 /(IT d2 /4) 
Vave = 3767.2(mm I sec) 
8t =L I Vave 
=5. 972E-03 sec 
Hfric = -r IT d L (Vave * 8t) * 10 -9 
Hfric = 2.385 Joule 
LlT = H * 10 9 I [(IT d 2 )/4 *L *SHg *den)] 
For HIPS: 
Shg = 1771 (Joule/( o C. kg)) 
den= 901 (kg/cu.m) 
Therefore 
ilT= 5.286°C 
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11P cylinder 1 = 8436616.1 Pa 
11T cylinder 1= 5.286°C 
Pressure at Nozzle= Pcylinder 1 = Pcylinder 2 + 11Pcylinder 1 
= 22.485 MPa 
Temperature at Nozzle= Tcylinder 1 = Tcylinder 2- 11T cylinder 1 
= 223.153°C 
8.2. 7 Implementation of Parameters on the Moldflow Simulation Program 
DEVELOPMENT 5 
The set of parameters suggested by HES was implemented using the Moldflow 
~ simulation and analysis program to study the filling process and analytical data along 
the flow. The result gave constant pressure gradient, constant temperature and 
constant shear stress along the flow in the cavity while the shear stress was less than 
allowable value for IllPS material (allowable value of shear stress for IllPS is equal 
to 0.3 MPa). These conditions were good indications of moldability and obtaining a 
molding free of warpage and stress cracks. Table 8.2 shows the melt flow analysis of 
the Moldflow program using the molding conditions designed by HES. 
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Table 8.2 Testing the molding conditions designed by HES on Moldflow 2D analysis. 
Analyze a single flow 
Mold temperature : 50.00 °C 
Melt temperature : 223 °C 
Flow rate: 47.34 cu.crn/sec 
( Sect 1, 2 Sprue I Sect 3 Runner I Sect 4 Gate I Sect 5 - 8 Cavity ) 
SECT PRESS PRESS PRESS SHEAR SHEAR TEMP COOLING 
NUM. DROP GRAD STRESS RATE TIME 
MPa MPa MPa!m MPa 1/s oc sec 
1) 23.84 8.78 390.22 0.390 7534.394 229.15 18.63 
2) 15.06 3.58 158.95 0.238 2232.413 231.34 39.25 
3) 11.48 2.04 113.38 0.227 1775.250 232.55 36.02 
4) 9.44 2.80 1866.33 0.933 71009.984 234.30 4.03 
............. 
:··ojii1 5) 6.64 1.65 80.68: 245.031 234.10 21.94 
6) 4.99 1.66 80.91: 
: 
: 0.12( 245.031 233.91: 21.92 
. . 
: : 
7) 3.33 1.66 81.14: : 0.122: 245.031 233.7( 21.90 
. . 
. . 
8) 1.67 1.67 
.JHJ.?.: : 0.122: 245.031 
· .......... ~ 
233.53: 21.88 
8.2.8 HES Post-Processor Program 
DEVELOPMENT 6 The HES Post-Processor Program computed the injection 
molding machine setting parameters as follows: 
I. The ram velocity: According to Equation (5.3), the ram velocity (injection speed) 
can be calculated as below: 
Vram = ( Nc * Q * 1.10 * 4) * 1000/ (n* dram* dram) 
Where: 
Nc=2 
Q (flow rate in the cavity)= 23.67 cu.cm/sec 
dram= 30 mm 
.Yr....un = 73.66 mm/sec 
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2. The machine stroke length for current molding SL (mm) was calculated using 
Equation (5.4) as follows. 
SL = ( W mid * Mstr * 893 ) I ( Mwtr * den ); 
Where 
Wmld = 30.3 gr. 
denHIPs = 901 (kg/ cu.m) 
Mstr= 140 mm 
Mwtr = 88 gr. 
SL = 47.776 mm 
SLT =55 mm, with considering 7.234 mm for cushion. 
3. The switchover length was calculated by applying Equation (5.5) as below. 
Lswo (mm) = SLT- ( 0.98) SL; 
Where: 
SL = 47.776 mm, 
SLT =55 mm, 
Lswo (mm) = 8.179 (mm) 
4. Cooling time: 
According to Equation (5.6), the minimum cooling time (S) may be estimated as 
follows. 
S =- h2 * 0.01 I ( 2 * n* a) loge [nl4 * ( Tx- Tm)l (Tc-Tm)] 
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Where: 
h=3 mm, 
Tc = 233°C, 
k = 0.1124 ( J I (sec. m. 0 C) ), 
den= 901 (kg I cu.m), 
a= (k * 10 4)1 (Shg *den) 
= 7.044 * 10-4 
S = 19.343 sec 
5. Holding time: 
Tx = 140°C, 
Tm=50°C, 
Shg = 1771 ( J I (°C . kg) ), 
Holding time is equal to the period of time in which the gate is frozen. Holding 
time may be estimated from Equation (5.6). 
Where: 
Tx =material freeze temperature °C; 
h = gate thickness mm. 
S =- h2 * 0.01 I (2 * rc* a) loge [rc 14 * (Tx- Tm)l (Tc-Tm)] 
where: 
h= 1 mm, 
Tc = 233°C, 
k = 0.1124 ( J I (sec . m . °C) ), 
den= 901 (kg I cu.m), 
a= (k * 10 4)1 (Shg *den) 
= 7.044 * 10 4 (cm21sec) 
S = 3.346 sec 
Tx = 103°C, 
Tm= 50°C, 
Shg = 1771 ( J I (°C . kg)), 
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8.2.9 Verification of parameters obtained by HES 
DEVELOPMENT 7 Implementation of parameters obtained by HES usmg the 
Injection Molding Machine: 
The molding conditions obtained by HES are summarized in Table 8.3. These 
parameters were implemented using the injection molding machine. In this experiment 
the moldability was successfully achieved in the first shot by producing a full shot 
molding without any defect as is shown in Figure 8.3. 
Table 8.3 Molding conditions designed by HES. 
Molding Material HIPS CHEMPLEX I CX301 
Weight (gr.): cavity 14.18 Total 30.30 
Flow Length (mm) 82 Flow Thickness (mm) 3 
Flow Type: Unidirectional flow 
Number of cavities: 2 
Feed System Dimensions (mm): 
Sprue: Diameter 4 Length 45 
Runner: Thickness 4 Width 5 Length 18 
Gate: Thickness 1 Width 2 Length 1.5 
Melt Temperature (°C) 223 
Mold Temperature COC) 50 
Required Injection Pressure (MPa) 22.5 
Switch Over Length (mm) 8 
Plasticizing Stroke (mm) 55 
Injection Speed (mm/sec) 74 
Holding Time (sec) 3 
Cooling Time (sec) 19 
Cushion (mm) 7 
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Figure 8.3 Producing a full shot molding using HES conditions. 
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8.3 Case Study Two 
8.3.1 Molding Descriptions 
A molding with two identical cavities having the following characteristics was 
considered. 
Material: Acrylic-Polymethyl methacrylate (PMMA) 
Material identity grade: (Rohmhaas I Rh101) 
Cavity: 
Diameter = 82 mm 
Thickness = 3 mm 
Weight= 15.89 gr. 
Runner: 
Thickness = 4 mm 
Width= 5 mm 
Length = 18 mm 
Number of cavities: 2 
Gate: 
Sprue: 
Thickness = 1 mm 
Width=2 mm 
Length= 1.5 mm 
Diameter = 4 mm 
End diameter = 6 mm 
Length = 45 mm 
Total weight= 34.57 gr. 
This molding is depicted in Figure 8.4. 
(1) SPRUE 
(3) GATE 
· .......... : 
(1) 
(2) (3) (4) 
(2)RUNNER 
(4) CAVITY 
Figure 8.4 A molding with two identical cavities. 
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8.3.2 Implementation of CBR System to find required parameters in the cavity 
The first stage of implementation entailed the application of the features of the 
new problem to the existing solutions (i.e. four frame cases). To search for the 
existing solutions, IF - THEN rules were applied to find out the similarities between 
new problem features and existing solutions. 
Definition of Similarity Rule: 
IF (Condition) THEN (Action) 
The condition part of similarity rule included the following features: 
Material: Acrylic PMMA (Rohrnhaas/ RhlOI) 
Type of flow: Unidirectional flow 
Flow Length (mm): 40 to 100 
Flow Thickness (mm) : 2 to 4 
If the features of a new molding fit in this condition part then the action part is 
applicable (is fired). The action part of the similarity rule included the following four 
basic frame cases. These four basic frame cases were similar cases to the newly 
defined case and were used to adapt a solution to the new molding case. 
Frame Case One: 
Material: Acrylic PMMA (Rohmhaas/ RhlOI) 
Type offlow: Unidirectional flow 
Flow Length (mm): 40 
Flow Thickness (mm): 2 
Mold temperature: 70.00 oc 
Melt temperature: 260.00 °C 
Injection time : 0.29 sec 
Injection Pressure : 10.01 MPa 
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Frame Case Two: 
Material: Acrylic PMMA (Rohmhaas/ Rh I 0 I) 
Type of flow: Unidirectional flow 
Flow Length (mm): 40 
Flow Thickness (mm) : 4 
Mold temperature: 50.00 oc 
Melt temperature: 250.00 oc 
Injection time : 
Injection Pressure : 
Frame Case Three: 
0.40 sec 
3.98 MPa 
Materia!': Acrylic PMMA (Rohmhaas/ Rh 10 1) 
Type offlow: Unidirectional flow 
Flow Length (mm): 100 
Flow Thickness (mm) : 2 
Mold temperature: 75.00 oc 
Melt temperature : 265.00 oc 
Injection time : 0.68 sec 
Injection Pressure: 22.96 MPa 
Frame Case Four: 
Material: Acrylic PMMA (Rohmhaas/ Rh I 0 1) 
Type offlow: Unidirectional flow 
Flow Length (mm) : 100 
Flow Thickness (mm) : 4 
Mold temperature: 55.00 oc 
Melt temperature: 260.00 °C 
Injection time : 
Injection Pressure : 
0.8 sec 
8.30 MPa 
!52 
In the next stage, Equation (4.6) was used as the adapting equation to find the 
melt temperature, pressure and injection time for the new molding requirements. The 
resultant CBR System for the new molding features was as follows: 
New molding features: 
Material: Acrylic PMMA (Rohmhaas/ RhlOl) 
Type of flow: Unidirectional flow 
Flow Length (mm) : 82 
Flow Thickness (mm) : 3 
Molding conditions derived by the CBR System using the previously mentioned Four 
Frame Cases and System Equation (4.6) can be written as: 
Mold temperature: 63.5 oc 
Melt temperature: 260.25 oc 
Injection time= 0.6215 sec 
Pressure required= 10.61 :rvfPa 
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8.3.3 Test and Implementation of Cavity molding parameters by Mold flow 
Molding conditions derived by the CBR System were tested using the Moldflow 
2D simulation program as depicted in Table 8.4. 
Table 8.4. Testing the molding conditions designed by the CBR System. 
Single Flow Analysis 
Flow Number 1 
Mold temperature: 63.50 oc 
Melt temperature: 260.25 oc 
Injection time : 0.62 sec 
SECT PRESS PRESS PRESS 
NUM DROP GRAD 
MPa MPa MPalm 
I) 10.71 2.67 130.40 
2) 8.04 2.68 130.55 
3) 5.36 2.68 130.69 
4) 2.68 2.68 130.83 
STRESS SHEAR TEMP 
RATE 
MPa 1/s oc 
0.196 264.516 260.21 
0.196 264.516 260.17 
0.196 264.516 260.13 
0.196 264.516 260.09 
COOLING 
TIME 
sec 
24.97 
24.97 
24.97 
24.96 
According to the above process parameters, the following constraints were 
established: 
1. Constant pressure drop along the flow path ; 
2. Constant temperature along the flow path; 
3. Constant shear stress along the flow path; 
4. Shear stress less than the allowable value for Acrylic material (the allowable shear 
stress for Acrylic is equal to 0.4 MPa). 
These constraints were established for obtaining a molding free of warpage and stress 
cracks. 
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8.3.4 Melt flow Analysis by HES 
Based on the cavity processing parameters obtained by the CBR in the previous 
stage and the molding feed system dimensions, the required processing parameters 
at nozzle were obtained by the HES flow analysis program. The input and output of 
flow analysis program are presented in Figure 8.5. 
Cavity Processing parameters 
obtained by CBR 
Mold temperature: 63.5 °C 
Melt temperature : 260.25 °C 
Injection time : 0.6215 sec 
Pressure: 10.61 tvfPa 
Flow Analysis Parameters at Nozzle 
Program 
Number of cavities: 2 Pressure drop ~ Melt temperature: 248.843 oc 
Weight of cavity: 15.89 gr. f---t Temperature Flow rate : 50.62 cu.crnlsec 
Total weight of molding: 34.57 gr difference Pressure: 41.00 tvfPa 
Feed System dimensions (mm) 
Sprue: Diameter 4 Length 45 
Runner: Thickness 4 Width 5 Length 18 
Gate: Thickness 1 Width 2 Length 1.5 
Figure 8.5 Input and output of flow analysis program. 
To perform the flow analysis on the feed system, the calculations were carried out 
from the gate backward and toward the runner and finally the sprue. 
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According to Table 5.1. 
8.3.4.1 Melt flow analysis at gate: 
Gate dimensions (mm): Thickness (h =1), Width (w = 2), Length (L= 1.5) 
Flow rate calculation (0): 
Q = (Wcavity * 1000) I (den* t) 
Q = 25.31 (cu.cm) 
Shear rate calculation (SR): 
SR = 6Q I ( w h 2) 
SR = 75930. (1/s) 
Viscosity calculation (Vis): 
Vis = A * (SR)8 * exp (Temp * C) 
Vis= 14.1936 (Pa.sec) 
Shear stress calculation ('r): 
-c = SR *Vis 
-c = 1077720. Pa 
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Pressure drop calculation (L1P): 
L1P = 2L/h * (SR * Vis) 
= 3233160.1 Pa 
Frictional heating (Hmc ) and temperature difference (L1 T) calculations: 
Hmc = 2 -r w L (Vave * ot) * 10 -9 
= 9.6995E-03 Joule 
L1T = H * 10 9 I (L *w*h *SHg *den) 
Therefore 
L1Pgate = 3233160.1 Pa 
L1 T gate= 1.213 5 °C 
Pressure (P wJ and temperature (T 8!!!; ) required at the beginning of gate: 
P gate = Pcavity + L1Pgate 
= 13.843 MPa 
T gate =: T cavity - L1 T gate 
= 259.036 °C 
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8.3.4.2 Melt flow analysis at Runner: 
Runner dimensions (mm): Thickness (h = 4), Width (w = 5), Length (L = 18) 
Flow rate calculation: 
Qrunner= Qgate= 25.31(cu.cm) 
Shear Rate (SR) calculation: 
SR = 6Q * 1 000 I ( w h2) 
= 1898.25 (1/s) 
Viscosity (Vis) calculation: 
Vis= A* (SR)8 * exp (Temp* C) 
Vis= 148.623 (Pa.sec) 
Shear Stress Calculation ( -r): 
According to Table 5.1, a deformational factor equal to 1. 4 is considered for the 
calculation of shear stress in the runner. 
-r = 1. 4 * SR * Vis 
-r = 394973.05 Pa 
, Pressure drop calculation (L\P): 
L\P = 2Lih * -r 
L\P = 3554757.5 Pa 
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Frictional heating (Hfi:ic ) and temperature difference (~ T) calculations: 
Hfric = 2 1: w L (Vave * 8t) * 10-9 
= 1.2797 Joule 
~T = H * 10 9 I (L*w*h *SHg *den) 
Therefore, 
~p runner= 3554757.5 Pa 
~T runner= 1.334 oc 
Pressure (P runner ) and temperature (T runner ) required at the beginning of runner. 
P runner = P gate + ~p runner 
= 17.4 .MPa 
T runner = T gate - ~ T runner 
= 257.7 °C 
8.3.4.3 Melt flow analysis at Sprue: 
The sprue was divided into two sections. The first section being a cylinder with 
diameter equal to sprue diameter. The second section being a cylinder with diameter 
equal to the end diameter of sprue. 
Sprue dimensions (mm): Diameter 4 End Diameter 6 Length 45 
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8.3.4.3.1 Melt flow analysis at the second section of sprue 
Diameter: D = 6 (mm), Length L= 22.5 (mm) 
Flow rate calculation 0: 
Qsprue = 2 * Orunner 
= 50.62 (cu.cm I sec) 
Shear rate calculation (SR): 
SR = 4Q * 1 000 I ( fi R 3 ) 
SR = 2387.0884 (1/sec) 
Viscosity calculation (Vis): 
Vis= A * (SR)B * exp (Temp * C) 
Vis= 133.49034 (Pa.sec) 
Shear stress calculation(~:): 
According to Table 5.1, a deformational factor equal to 1. 4 is considered for 
calculation of shear stress in the sprue. 
1: = 1.4 * ( SR * Vis ) 
1: = 446114.53 Pa 
Pressure drop calculation (f1P): 
f1P = 4L/d * 1: 
f1P =6691718. Pa 
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Frictional heating (Hf!i£ ) and temperature difference (~ T) calculations: 
Hfric = t rr d L (Vave * ot) * 10-9 
Hfric = 4.257 Joule 
~T = H * 10 9 I [(rr d 2 )14 *L *SHg *den] 
~T= 2.512 °C 
Therefore, 
LlP cylinder2= 6691718. Pa 
~T cylinder2= 2.512 °C 
Pressure and temperature required at the beginning ofthis section. 
P cylinder2 = P runner + LlP cylinder2 
= 24.09 I\.1Pa 
T cylinder2 = T runner - Ll T cylinder2 
8.3.4.3.2 Melt flow analysis at the first section of sprue 
diameter d = 4 mm, Length L = 22.5 mm 
Flow rate calculation 0: 
Qsprue = 2 * Qrunner 
= 50.62 (cu.cm I sec) 
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Shear rate calculation (SR): 
SR = 4Q * 1000 I ( IT R 3 ) 
SR = 8056.423 (1/sec) 
Viscosity calculation: 
Vis= A * (SR)8 * exp (Temp * C) 
Vis= 66.621(Pa.sec) 
Shear stress calculation (-r): 
According to Table 5.1, a deformational factor equal to 1.4 is considered for 
calculation of shear stress in the sprue. 
-r = 1.4 * (SR* Vis) 
1: = 751421.72 Pa 
Pressure drop calculation: 
L1P = 4Lid * 1: 
L1P = 16906989. pa 
Frictional heating (Hrric ) and temperature difference (L1 T) calculations: 
Hfric = 1: n d L (Vave * ot) * 10-9 
Hfric = 4.78 Joule 
L1T = H * 10 9 I [(n d 2 )14 *L *SHg *den)] 
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L1 T= 6.345 oc 
Therefore 
L1P cylinded = 16906989. Pa 
L1 T cylinder! = 6.345 °C 
Pressure at Nozzle= Pcytinded = Pcytinder2 + L1Pcytindert 
= 41.00 Mpa 
Temperature at Nozzle = T cytinded = Tcytinder2 - L1 T cylinder! 
= 248.843 °C 
8.3.5 Implementation of Parameters on the Mold flow Simulation Program 
The set parameters suggested by the HES were input in the Moldflow simulation 
and analysis program to study the filling process and evaluate the analytical data 
along the flow. As a result, constant pressure gradient, constant temperature and 
constant shear stress along the flow in the cavity and shear stress (shear stress was 
less than the allowable value for acrylic material which IS equal to 0.4 MPa) 
conditions were developed. These conditions provided a good indication of 
moldability, especially with regard to achieving a molding free of warpage and stress 
cracks. Table 8.5. shows the melt flow analysis of the Moldflow program using the 
molding conditions designed by HES. 
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Table 8.5 Testing the molding conditions designed by HES on Moldflow 2D 
analysis. 
Flow Number 1 
(Sect 1, 2 Sprue I Sect 3 Runner I Sect 4 Gate I Sect 5 - 8 Cavity) 
Mold temperature : 63.50 oc 
Melt temperature : 249.00 °C 
Flow rate: 50.62 cu.cm/sec 
SECT PRESS PRESS PRESS STRESS 
NUM DROP GRAD 
MPa .MPa MPa/m MPa 
1) 46.24 19.92 885.31 0.885 
2) 26.32 6.53 290.11 0.435 
3) 19.79 3.52 195.59 0.391 
4) 16.27 6.28 4189.52 2.095 
5) 9.99 2.48 121.11 0.182 
6) 7.50 2.49 121.58 0.182 
7) 5.01 2.50 122.03 0.183 
8) 2.51 2.51 122.46 0.184 
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SHEAR TEMP COOLING 
RATE TIME 
1/s oc sec 
8056.421 256.68 21.37 
2387.088 259.16 45.04 
1898.250 260.47 41.33 
75929.984 262.90 4.64 
262.008 262.76 25.23 
262.008 262.63 25.22 
262.008 262.49 25.20 
262.008 262.37 25.19 
8.3.6 HES Post-Processor Program 
The HES Post-Processor Program computed the injection molding machine 
setting parameters as follows: 
1. The ram velocity (vram) was calculated by applying equation (5.3) as follows: 
Yram = ( Nc * Q * 1.1 0 * 4 ) * 1000 I ( 1t * dram * dram ) 
Yram = 78.774 mm/sec 
2. The machine stroke length for the current molding SL (mm) was calculated using 
equation (5.4) as below: 
SL = ( Wmld * Mstr * 893 ) I ( Mwtr * den ); 
SL=48.63 mm 
SLT (Total machine stroke length including cushion)= 55 mm, 
Cushion= SLT- SL = 6.37 mm 
3. Switchover length (Lswo): 
The switchover length was obtained by applying equation (5.5) as follows: 
Lswo (mm) = SLT- ( 0.98 * SL ); 
= 7.34 mm 
4. Cooling time: 
The minimum cooling time (S) was estimated using Equation (5.6) as follows: 
S =- h2 1 ( 2 * rc *a) loge[rc14 * ( Tx- Tm)l (Tc-Tm)] 
S = 28.971 sec 
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5. Holding time 
Holding time was estimated using Equation (5.6) as below. 
Where 
Tx =material freeze temperature (oC); 
h = gate thickness (em). 
S =- h2 I ( 2 * n;* a) loge [n;/4 * ( Tx- Tm)/ (Tc-Tm)] 
S = 3.807 sec 
6. Holding pressure Phold: 
Holding pressure based on a rule oftumb in injection molding is equal to 60% .of 
the injection pressure. 
Phold = 60 * Pinj /100 
Where 
Pinj = 41 :MPa 
Phold = 24.6 :MPa 
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8.3. 7 Verification of parameters obtained by HES 
The suggested molding conditions by HES were established as depicted in Table 
8.6. 
Table 8.6 Molding conditions obtained by HES. 
Molding Material PMMA ROHMHAAS/RH10 1 
Weight (gr.): cavity 15.89 Total 34.57 
Flow Length (mm) 82 Flow Thickness (mm) 3 
Flow Type: Unidirectional flow 
Number of cavities: 2 
Feed System Dimensions (mm): 
Sprue: Diameter 4 Length 45 
Runner: Thickness 4 Width 5 Length 18 
Gate: Thickness 1 Width 2 Length 1.5 
Melt Temperature oc 
Mold Temperature °C 
249 
63.6 
Required Injection Pressure (MPa) 41 
Switch Over Length (mm) 7.34 
Plasticizing Stroke (mm) 55 
Injection Speed (mrnlsec) 79 
Holding Pressure (MPa) 24.6 
Holding time (sec) 3.8 
Cooling time (sec) 29 
Cushion (mm) 6.37 
These conditions were implemented and the moldability was assessed in the first shot 
by producing a full shot molding as depicted in Figure 8.6. which was found to be 
defect free. 
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Figure 8.6 Molding produced by HES molding conditions. 
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CHAPTER NINE 
CONCLUSIONS 
A CBR system was developed in conjunction with flow analysis, post-processor 
and trouble shooting programs to aid in the design of injection molding processing 
parameters. This HES considers following important aspects in designing the molding 
conditions. 
( 1) Moldability- ability to obtain a full shot molding under a certain set of process 
parameters, 
(2) Shear stress condition- to avoid high internal stress in molded part, 
(3) Uniform temperature along the flow- to avoid part deformation (warpage), 
( 4) Material processing recommended ranges- including recommended lower bond 
and upper bond of melt temperature, mold temperature and maximum allowable 
shear stress. 
In previous research works a number of relationships were established to relate 
processing parameters to flow dimensions to obtain moldability condition. These 
relationships can linearly relate: pressure to flow length; log (pressure) to log (flow 
thickness); melt temperature to flow length. 
In this research linear relationships were assumed to relate: melt temperature to 
flow thickness; mold temperature to flow length and flow thickness; injection time to 
flow length and flow thickness. The results obtained from these relationships were in 
good agreement with experimental analysis in term of obtaining moldability 
condition. 
In this research it was observed that the above relationships can relate the flow 
dimensions to processing parameters of injection molding not only to obtain 
moldability but also to obtain uniform temperature and stress conditions. 
Determination of the basic cases was the key to accurate results. Basic cases were 
determined critically using the trial and error approach to obtain moldability, uniform 
temperature and shear stress conditions. Processing parameters of basic cases were 
adapted to bring into account the differences between basic cases and new molding 
requirements. Based on these results the following conclusions can be made. 
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- longer flow required higher melt temperature and longer injection time to obtain 
uniform temperature along the flow and shear stress conditions. 
- thinner flow required higher melt temperature and shorter injection time to obtain 
uniform temperature along the flow and shear stress conditions. 
Therefore linear relationships were used to develop a HES. Constraints in relation 
to application of the HES are as follows. 
- flow length (L) constraint: 40 mm < L < 100 mm, 
- flow thickness (Th) constraint: 1 mm < Th < 4 mm, 
- flow type: unidirectional flow, 
- material type: High Impact Polystyrene (HIPS) and Acrylic. 
In order to test HES, experiments were conducted and satisfactory results were 
obtained. 
The Case-Based Reasoning sub-system was developed to derive the optimum 
magnitude of process parameters in the cavity according to the type of processing 
material, flow type, flow length and flow thickness. 
The first stage of CBR implementation was to determine an adequate number of 
basic successful cases called frame cases for the system's library development. Each 
frame case included the molding cavity features (i.e. type of material and flow 
pattern; flow length and thickness) and corresponding optimum operating parameters 
(i.e. melt and mold temperature, required pressure and injection time). The molding 
parameters of basic frame cases were selected under a number of constraints to 
obtain moldability condition and to prevent warpage and stress cracks. These 
constraints included: 
1. Constant pressure drop along the flow path ; 
2. Constant temperature along the flow path; 
3. Constant shear stress along the flow path; 
4. Shear stress less than maximum recommended. 
The second stage of CBR implementation was ranking the frame cases to relate 
the features of the new problem to the existing solutions (i.e. frame cases). To search 
for the existing solutions, IF - THEN rules, similarity rules, were applied to find out 
the similarities between new problem features and existing solutions. For every four 
frame cases a similarity rule was allocated. This similarity rule can determine which 
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set of four frame cases has to be chosen. The condition part of the similarity rule 
included the material and flow type as well as the flow length and thickness of four 
frame cases. The action part of the similarity rule comprised sets of required 
operating parameters of four frame cases. If the features of the new molding problem 
fit into the condition part of the similarity rule (i.e. 1. the new case has similar 
material and flow type as four frame cases, 2. the dimensions of the new case in term 
of flow length and thickness are within the ranges established using four frame cases) 
then the action part fires the applicable four frame cases. 
The third stage of CBR implementation entailed the use of existing solutions 
(corresponding frame cases) to derive the new solution by taking into account the 
differences between the newly defined problem and the previously developed frame 
cases. Therefore, using four corresponding frame cases the linear relationships were 
established by CBR to relate processing parameters to the flow dimensions. These 
relationships were used to adapt a solution applicable to the new molding 
requirement. 
After determining the required molding parameters for the cavity utilising CBR 
system, the melt flow analysis was carried out by the Hybrid Expert System to find 
the pressure drop and temperature difference in the mold feed system. Subsequently 
required temperature and pressure at the nozzle of injection unit were obtained. 
The set of parameters suggested by HES was implemented using the Moldflow 
simulation and analysis program to study the filling process and analytical data along 
the flow. The result was a constant pressure gradient, constant temperature and 
constant shear stress along the flow in the cavity and the shear stress was less than 
the maximum value. 
The post-processor program was applied to compute the machine setting 
parameters including ram velocity, machine stroke length, switch position, cooling 
time, holding time and holding pressure. 
The molding conditions obtained by HES were set using the injection molding 
machine. In this experiment, the desired moldability was successfully achieved in the 
first shot by producing a full shot molding. 
If parameters are not producing satisfactory molding, then the troubleshooting 
program can be applied to recover the parameters. 
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In this work, it was proved that CBR can be applied to determine the optimum 
processing parameters of plastic injection molding. This approach can: reduce the 
dependency on human expertise needed on the production floor to determine the first 
trial settings; save the time and cost in experimental based corrective actions which 
are required in order to obtain optimum molding conditions. 
The simulation program was only used at the development stage of HES. After 
that stage, there is no need to use a simulation package. HES can eliminate the 
dependency on using a simulation program to determine optimum processing 
parameters of injection molding at the production floor. The expertise which is 
required to use HES is low. Therefore, HES can be a good option for the injection 
molding industry in determining the optimum process parameters. 
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RECOMMENDATIONS FOR FURTHER RESEARCH AND 
DEVELOPMENT STUDIES 
1. Development of an automatic knowledge learning and upgrading system, 
The CBR system which was established in this research is static in nature. It 
means a new molding case can not be added to the expert system in order to be used 
for future problem solving process. Therefore, an upgrading learning system is 
recommended to be established in order to increase the efficiency ofHES. 
2. Implementation of a neural network system to maintain stable molding conditions 
during the long term injection molding production process, 
The HES presented in this work can be used to obtain the first trial of processing 
parameters. A neural network system can be used to maintain long term production 
of quality parts. To perform this task detailed information of optimum molding 
conditions is required such as cavity pressure profile, injection speed profile and 
actual melt temperature. 
3. HES can be enhanced for use in mold design, 
Traditionally mold making is accomplished by trial and error. It means the mold is 
made and tried on the injection molding machine and then returned to the mold 
maker to be modified. HES can be apply to design the mold before it is made. Before 
the mold is made the molding including cavity and feed system dimensions and type 
of materiel are defined for HES to obtain the optimum processing parameters for the 
trial mold. If the processing parameters are not feasible in terms of implementation 
using the injection molding machine (for instance required pressure or flow rate 
violate the range of pressure and flow rate available), then the molding design can 
be changed and tried again using HES. 
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4. Integration ofHES with 3D simulation programs 
HES can obtain a good first trial of molding conditions to be implemented on a 
3D simulation program. This can reduce the time which is needed using Moldflow 3D 
to find optimum processing parameters .. 
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APPENDIX 1 
IMPLEMENTATION OF CASE-BASED REASONING USING C++ 
PROGRAMMING SOFTWARE 
Type ofMaterial, Type of Flow 
Cavity Flow Length and Thickness 
Cavity Weight and Volume 
CBR search for corresponding Frame Cases 
(four similar cases) 
Construction of adapting equations 
using four frame cases 
Deriving a set of parameters for the cavity: 
Mold and melt temperature, injection time 
and required pressure. 
1 
Indicating the four frame cases applied 
to derive the new solution 
Figure A.l Case-Based Reasoning Flow Chart. 
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#include <iostream.h> 
#include <math.h> 
double exp( double x); 
double pow( double z, double y); 
double loglO(double x); 
double powlO(int p); 
main() 
{ 
cout <<" *** ***** 
cout <<" *** *** 
cout <<" CBR *** ****** * *** 
cout <<" *********** ******************* 
cout << " CAVITY ANALYSIS *********** ********************* 
cout<<" *********** ******************* 
cout << "INJECTION MOLDING *** ****** *** 
cout <<" 
cout <<"EXPERT SYSTEM 
cout <<" 
*** *** 
******************************** 
******************************** 
char material, FLOWTYPE, answ; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
tl<<"\n"; 
"<<"\n"; 
"<<"\n\n"; 
float Tmld, Tmlt, t, Prq, time, Th, L, FR, Thl, Th2, Th3, Th4, Ll, L2, L4, L3, 
Tmldl, Tmld2, Tmld3, Tmld4, Tmltl, Tmlt2, Tmlt3, Tmlt4, tl, t2, t3, t4, Prql, Prq2, 
Prq3, Prq4, Tmldl2, Tmld34, Tmltl2, Tmlt34, tl2, t34, Prql2, Prq34, den, Tmll, 
Tmldmax; 
float LP12, LP34; 
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II Material selection II 
cout << "Please indicate type of moulding material" <<"\n\n" <<"\n" << "1. HIPS ( 
Chemplex/CX 301 )UNI "<<"\n"<<"2. PMMA = Acrylic ( ROHMHAAS I RH101 
)UNI"<<"\n"<< "3. Nylon 6 ( AKZOMATNA100) "<<"\n\n"; 
cin >>material; 
if (material = '1') {den = 901; Tmldmax = 60; 
} 
if(material == '2') {den= 1010; Tmldmax = 90; 
} 
if(material = '3') {den= 969; Tmldmax = 80; 
} 
II Indication of Flow Type II 
cout << "Please indicate Flow TYPE "<< "\n\n" <<"1. Unidirectional flow" 
<<"\n"<<"2. Radial flow (only for Nylon)" << "\n\n"; 
cin >> FLOWTYPE; 
II Flow Length and Flow Thickness Dimensions (mm)ll 
if (material == '1') { 
cout <<"Please indicate Flow Length 40 mm< L < 100 mm" << "\n\n"; 
cin >> L; 
cout << "Please indicate Flow Thickness "<<"\n"<< "(for rectangular flow 2 mm< 
Th < 4 mm) " << "\n\n"; 
cin >> Th; 
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if (material== '2') { 
cout <<"Please indicate Flow Length 40 mm< L < 100 mm" << "\n\n"; 
cin >> L; 
cout << "Please indicate Flow Thickness "<<"\n"<< "(for rectangular flow 1 mm< 
Th < 4 mm) " << "\n\n"; 
cin >> Th; 
} 
if (material == '3') { 
' cout << "Please indicate Flow Length 40 mm< L < 80 mm" << "\n\n"; 
cin >> L; 
cout << "Please indicate Flow Thickness ( for radial flow 1 mm< Th < 4 
mm)"<<"\n"<< "(for rectangular flow 1 mm< Th < 4 mm) " << "\n\n"; 
cin >> Th; 
} 
II indication of molding weight (gr) II 
float We, Vc, Wt, Vt, tv, tswo; 
cout << "\n\n" << "Enter the part cavity weight (gr)"; 
cin >>We; 
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II Selection of four Frame Cases (similar cases) II, 
II Establishing the Linear relation ship II And 
II Calculation of Set parameters for new molding requirement II 
if(material = '1' && FLOWTYPE = '1' && L >= 40 && L <= 100 && Th >= 2 
&& Th <=4){ 
L1= 40; Th1=2; Tmld1= 50; Tmltl= 230; tl= 0.3; Prq1 = 6.56; 
L2= 40; Th2=4; Tmld2= 50; Tmlt2= 230; t2= 0.4; Prq2 = 2.04; 
L3= 100; Th3=2; Tmld3=50; Tmlt3= 240; t3= 0.7; Prq3 = 15.05; 
L4= 100; Th4=4; Tmld4= 50; Tmlt4= 230; t4= 0.9; Prq4 = 5.40;. 
Tmldl2 = (Tmld2 - Tmld1) * Th I (Th2-Th1) + ( Tmldl - ( Tmld2 - Tmldl 
)*Thl/(Th2-Thl) ); 
Tmlt12 = (Tmlt2- Tmltl) * Th I (Th2-Thl) + ( Tmltl - ( Tmlt2- Tmltl )*Thli(Th2-
Th1) ); 
tl2 = (t2- t1) * Th I (Th2-Thl) + ( tl - ( t2- tl )*Thli(Th2-Thl) ); 
LP12 = ( ( log10(Prq2) -loglO(Prql)) * log10(Th) I ( loglO(Th2)- loglO(Thl))) 
+ loglO(Prq2)-
( ( loglO(Prq2) -loglO(Prql)) * log10(Th2) I ( loglO(Th2) -loglO(Thl))); 
Prq12 =pow (10, LP12); 
Tmld34 = (Tmld4 - Tmld3) * Th I (Th4-Th3) + ( Tmld3 - ( Tmld4 - Tmld3 
)*Th31(Th4-Th3) ); 
179 
Tmlt34 = (Tmlt4- Tmlt3) * Th I (Th4-Th3) + ( Tmlt3 - ( Tmlt4- Tmlt3 )*Th31(Th4-
Th3) ); 
t34 = (t4- t3) * Th I (Th4-Th3) + ( t3 - ( t4- t3 )*Th31(Th4-Th3) ); 
LP34 = ( ( loglO(Prq4)- loglO(Prq3)) * loglO(Th) I ( loglO(Th4)- loglO(Th3)) ) . 
+ loglO(Prq4)-
( ( loglO(Prq4) -log10(Prq3)) * loglO(Th4) I ( loglO(Th4) -loglO(Th3)) ); 
Prq34 =pow (10, LP34); 
Tmld = (Tmld34 - Tmldl2) * L I (L3-Ll) + ( Tmldl2 - ( Tmld34 - Tmldl2 ) * 
, Lli(L3- Ll) ); 
Tmlt = (Tmlt34- Tmlt12) * L I (L3-Ll) + ( Tmltl2- ( Tmlt34- Tmltl2) * Ll/(L3 -
Ll) ); 
t = (t34- tl2) * L I (L3-Ll) + ( tl2- ( t34- tl2) * Ll/(L3- Ll) ); 
Prq = (Prq34- Prql2) * L I (L3-Ll) + ( Prql2- ( Prq34- Prql2) * Lli(L3- Ll) ); 
FR =We* 0.001 * 1000000 I (den * t); 
I /boundary condition for temperature 
if (Tmld > Tmldmax) (Tml1 = Tmldmax); 
else ( Tml1 = Tmld ); 
cout << "\n\n" << "FOR RUNNERLESS AND SPRUELESS MOLD" <<"\n\n"<< 
"Tmold = " <<Tmll <<" deg cen"<<"\n"<< "Tmelt = " << Tmlt <<" deg 
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cen"<<"\n"<<"Time = "<< t <<"sec"<< "\n"<< "Flow Rate = "<< FR << "cu cm/s" 
<< "\n" <<"Injection Pressure= " << Prq<<" Mpa"<<"\n\n"; 
char cases; 
cout < < "Would you like to see the base line cases have been used to derive the 
solution"<<"\n\n"<<"l. yes 2. No"; 
cin > > cases; 
if (cases= '1'){ 
cout << "\n\n" << "The base line cases have been used to derive the 
solution: "<<"\n\n"; 
cout << "Ll = "<< Ll <<" , Thl = "<<Thl <<" , Trnldl = "<<Trnldl << " , Trnltl 
= "<<Trnltl <<" , t1 = "<< tl << " , Prql = "<<Prql<<"\n\n"; 
cout << "L2 = "<< L2 << " , Th2 = "<<Th2 << " , Trnld2 = "<<Trnld2 << " , Trnlt2 
= "<<Trnlt2 << " , t2 = "<< t2 << " , Prq2 = "<<Prq2<<"\n\n"; 
cout << "L3 = "<< L3 << " , Th3 = "<<Th3 << " , Trnld3 = "<<Trnld3 << " , Trnlt3 
= "<<Trnlt3 << " , t3 = "<< t3 << " , Prq3 = "<<Prq3<<"\n\n"; 
cout << "L4 = "<< L4 <<" , Th4 = "<<Th4 <<" , Trnld4 = "<<Tmld4 << ", Trnlt4 
= "<<Tmlt4 << " , t4 = "<< t4 << " , Prq4 = "<<Prq4<<"\n\n"; 
} 
} 
if(material = '2' && FLOWTYPE = '1' && L >= 40 && L <= 100 && Th >= 2 
&& Th <=4){ 
Ll= 40; Th1=2; Tmldl= 70; Tmlt1= 260; tl= 0.29; Prql = 10.01; 
L2= 40; Th2=4; Tmld2= 50; Tmlt2= 250; t2= 0.4; Prq2 = 3.98; 
L3= 100; Th3=2; Tmld3=75; Tmlt3= 265 ; t3= 0.68; Prq3 = 22.96; 
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L4= 100; Th4=4; Tmld4= 55; Tmlt4= 260; t4= 0.8; Prq4 = 8.30; 
Tmldl2 = (Tmld2 - Tmld1) * Th I (Th2-Th1) + ( Tmld1 - ( Tmld2 - Tmld1 
)*Th11(Th2-Th1) ); 
Tmlt12 = (Tmlt2- Tmltl) * Th I (Th2-Th1) + ( Tmlt1 - ( Tmlt2- Tmlt1 )*Th11(Th2- · 
Th1) ); 
t12 = (t2- tl) * Th I (Th2-Th1) + ( t1- ( t2- t1 )*Thli(Th2-Th1) ); 
LP12 = ( ( log10(Prq2) -loglO(Prql)) * loglO(Th) I ( log10(Th2)- loglO(Thl))) 
+ loglO(Prq2)-
( ( logl0(Prq2) -log10(Prq1)) * log10(Th2) I ( log10(Th2) -loglO(Th1))); 
Prql2 =pow (10, LP12); 
Tmld34 = (Tmld4 - Tmld3) * Th I (Th4-Th3) + ( Tmld3 - ( Tmld4 - Tmld3 
)*Th31(Th4-Th3) ); 
Tmlt34 = (Tmlt4 - Tmlt3) * Th I (Th4-Th3) + ( Tmlt3 - ( Tmlt4 - Tmlt3 )*Th31(Th4-
Th3) ); 
t34 = (t4- t3) * Th I (Th4-Th3) + ( t3- ( t4- t3 )*Th31(Th4-Th3) ); 
LP34 = ( ( log10(Prq4) -loglO(Prq3)) * log10(Th) I ( log10(Th4)- log10(Th3))) 
+ loglO(Prq4)-
( ( log10(Prq4) -log10(Prq3)) * log10(Th4) I ( log10(Th4) -log10(Th3)) ); 
Prq34 =pow (10, LP34); 
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Tmld = (Tmld34 - Tmldl2) * L I (L3-Ll) + ( Tmldl2 - ( Tmld34 - Tmldl2 ) * 
Lli(L3 - Ll) ); 
Tmlt = (Tmlt34- Tmltl2) * L I (L3-Ll) + ( Tmlt12- ( Tmlt34- Tmlt12) * Lli(L3 -
Ll) ); 
t = (t34- t12) * L I (L3-Ll) + ( t12- ( t34- t12) * Ll/(L3- Ll) ); 
Prq = (Prq34- Prql2) * L I (L3-Ll) + ( Prq12- ( Prq34- Prq12) * Lli(L3 - Ll) ); 
FR =We* 0.001 * 1000000 I (den * t); 
I /boundary condition for temperature 
if(Tmld > Tmldmax) (Tmll = Tmldmax); 
else ( Tmll = Tmld ); 
cout << "\n\n" << "FOR RUNNERLESS AND SPRUELESS MOLD" <<"\n\n"<< 
"Tmold = " <<Tmll <<" deg cen"<<"\n"<< "Tmelt = " << Tmlt <<" deg 
cen"<<"\n"<<"Time = "<< t <<"sec"<< "\n"<< "Flow Rate = "<< FR << "cu cm/s" 
<< "\n" <<"Injection Pressure= " << Prq<<" Mpa"<<"\n\n"; 
char cases; 
cout << "Would you like to see the base line cases have been used to derive the 
solution"<<"\n\n"<<"l. yes 2. No"; 
cin >>cases; 
if ( cases == '1'){ 
cout << "\n\n" << "The base line cases have been used to derive the 
solution:"<<"\n\n"; 
cout << "Ll = "<< Ll <<" Thl = "<<Thl <<" Tmldl = "<<Tmldl << " Tmltl 
' ' ' 
= "<<Tmltl <<" , tl = "<< tl << " , Prql = "<<Prql<<"\n\n"; 
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cout << "L2 = 11<< L2 << 11 , Th2 = 11<<Th2 << 11 , Tmld2 = 11 <<Tmld2 << 11 , Tmlt2 
= 
11 <<Tmlt2 << 11 , t2 = "<< t2 << 11 , Prq2 = 11<<Prq2<<11\n\n 11 ; 
cout << 11 L3 = 11<< L3 << 11 , Th3 = 11<<Th3 << 11 , Tmld3 = 11<<Tmld3 << 11 , Tmlt3 
= 
11 <<Tmlt3 << 11 , t3 = 11 << t3 << 11 , Prq3 = "<<Prq3<<11\n\n 11 ; 
cout << 11L4 = 11<< L4 << 11 , Th4 = 11<<Th4 << 11 , Tmld4 = 11 <<Tmld4 << 11 , Tmlt4 
= 
11 <<Tmlt4 << 11 , t4 = 11<< t4 << 11 , Prq4 = "<<Prq4<<11\n\n 11 ; 
} 
} 
if (material= '2' && FLOWTYPE = '1' && L >= 40 && L <= 100 && Th >= 1 
&& Th < 2){ 
L1= 40; Th1=1; Tmld1= 75; Tmltl= 270; t1= 0.26; Prq1 = 26.53; 
L2= 40; Th2=2; Tmld2= 70; Tmlt2= 260; t2= 0.29; Prq2 = 10.01; 
L3= 100; Th3=1 ; Tmld3= 80; Tmlt3= 275; t3= 0.6; Prq3 = 61.04; 
L4= 100; Th4=2; Tmld4=75; Tmlt4= 265; t4= 0.68; Prq4 = 22.96; 
Tmldl2 = (Tmld2 - Tmld1) * Th I (Th2-Th1) + ( Tmld1 - ( Tmld2 - Tmld1 
)*Thli(Th2-Th1) ); 
Tmlt12 = (Tmlt2- Tmltl) * Th I (Th2-Thl) + ( Tmlt1- ( Tmlt2- Tmlt1 )*Thli(Th2-
Th1) ); 
tl2 = (t2- tl) * Th I (Th2-Thl) + ( t1- ( t2- tl )*Thli(Th2-Thl) ); 
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LP12 = ( ( loglO(Prq2)- log10(Prq1)) * log10(Th) I ( log10(Th2)- log10(Th1))) 
+ log 1 O(Prq2) -
( ( loglO(Prq2) -log10(Prql)) * log10(Th2) I ( log10(Th2) -log10(Th1))); 
Prq12 =pow (10, LP12); 
Tmld34 = (Tmld4 - Tmld3) * Th I (Th4-Th3) + ( Tmld3 - ( Tmld4 - Tmld3 
)*Th31(Th4-Th3) ); 
Tmlt34 = (Tmlt4- Tmlt3) * Th I (Th4-Th3) + ( Tmlt3 - ( Tmlt4 - Tmlt3 )*Th31(Th4-
Th3) ); 
t34 = (t4 - t3) * Th I (Th4-Th3) + ( t3 - ( t4 - t3 )*Th3I(Th4-Th3) ); . 
LP34 = ( ( loglO(Prq4)- Iog10(Prq3)) * loglO(Th) I ( log10(Th4)- loglO(Th3))) 
+ Iog10(Prq4)-
( ( logl0(Prq4)- IoglO(Prq3)) * Iog10(Th4) I ( loglO(Th4)- Iog10(Th3)) ); 
Prq34 = pow (1 0 , LP34); 
Tmld = (Tmld34 - Tmld12) * L I (L3-L1) + ( Tmldl2 - ( Tmld34 - Tmldl2 ) * 
Lli(L3 - Ll) ); 
Tmlt = (Tmlt34- Tmltl2) * L I (L3-Ll) + ( Tmlt12- ( Tmlt34- Tmlt12) * Ll/(L3 -
Ll) ); 
t = (t34- tl2) * L I (L3-L1) + ( t12- ( t34- t12) * Lli(L3- L1) ); 
Prq = (Prq34- Prq12) * L I (L3-L1) + ( Prql2- ( Prq34- Prq12) * Ll/(L3- L1) ); 
FR =We* 0.001 * 1000000 I (den * t); 
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I /boundary condition for temperature 
if (Tmld > Tmldmax) (Tml 1 = Tmldmax); 
else ( Tmll = Tmld ); 
cout << "\n\n" << "FOR RUNNERLESS AND SPRUELESS MOLD" <<"\n\n11 << 
11 Tmold = " <<Tmll <<" deg cen"<<"\n"<< "Tmelt = " << Tmlt <<" deg 
cen"<<"\n"<<"Time = "<< t <<"sec"<< "\n"<< "Flow Rate = "<< FR << "cu cm/sll 
<< "\n" <<"Injection Pressure= " << Prq<<" Mpa"<<"\n\n"; 
char cases; 
cout < < "Would you like to see the base line cases have been used to derive the 
solution"<<"\n\n"<<"l. yes 2. No"; 
cin > > cases; 
if (cases== '1'){ 
cout << "\n\n" << "The base line cases have been used to derive the 
solution:"<<"\n\n"; 
cout << "Ll = "<< Ll <<" , Thl = "<<Thl << 11 , Tmldl = 11 <<Tmldl << 11 , Tmltl 
= 
11<<Tmltl << 11 , tl = 11<< tl << 11 , Prql = 11 <<Prql<<11\n\n 11 ; 
cout << 11L2 = 11 << L2 << 11 , Th2 = "<<Th2 << 11 , Tmld2 = 11 <<Tmld2 << 11 , Tmlt2 
= 
11 <<Tmlt2 << " , t2 = "<< t2 << 11 , Prq2 = 11 <<Prq2<<11\n\n"; 
cout << 11L3 = 11 << L3 << " , Th3 = 11 <<Th3 << 11 , Tmld3 = "<<Tmld3 << " , Tmlt3 
= 
11 <<Tmlt3 << " , t3 = 11 << t3 << 11 , Prq3 = "<<Prq3<<"\n\n11 ; 
cout << "L4 = 11 << L4 << " , Th4 = "<<Th4 << " , Tmld4 = "<<Tmld4 << " , Tmlt4 
= "<<Tmlt4 << " t4 = "<< t4 << 11 Prq4 = 11 <<Prq4<<"\n\n11 • , , ' 
} 
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} 
if (material = '3' && FLOWTYPE = '2' && L >= 40 && L <= 80 && Th >= I 
&& Th <=2){ 
Ll= 40; Thl=l; Tmldl= 80; Tmltl= 300; tl= 0.7; Prql = 3.98; 
L2= 40; Th2=2; Tmld2= 60; Tmlt2= 260; t2= 2; Prq2 = 1.08; 
L3= 80; Th3=1; Tmld3= 80; Tmlt3= 310; t3= 0.7; Prq3 = 10.55; 
L4= 80 ; Th4=2 ; Tmld4= 70 ; Tmlt4= 270 ; t4= 2; Prq4 = 2.87; 
Tmld12 = (Tmld2 - Tmld1) * Th I (Th2-Th1) + ( Tmldl - ( Tmld2 - Tmld1 
)*Thli(Th2-Thl) ); 
Tmlt12 = (Tmlt2- Tmlt1) * Th I (Th2-Th1) + ( Tmlt1 - ( Tmlt2- Tmlt1 )*Thli(Th2-
Th1) ); 
t12 = (t2- t1) * Th I (Th2-Th1) + ( t1- ( t2- t1 )*Th11(Th2-Th1) ); 
LP12 = ( ( log10(Prq2)- loglO(Prq1)) * log10(Th) I ( log10(Th2)- log10(Th1) ) ) 
+ log10(Prq2)-
( ( log 1 O(Prq2) - log 1 O(Prq 1) ) * log 1 O(Th2) I ( log 1 O(Th2) - log 1 O(Th 1) ) ) ; 
Prq12 =pow (10, LP12); 
Tmld34 = (Tmld4 - Tmld3) * Th I (Th4-Th3) + ( Tmld3 - ( Tmld4 - Tmld3 
)*Th31(Th4-Th3) ); 
Tmlt34 = (Tmlt4- Tmlt3) * Th I (Th4-Th3) + ( Tmlt3 - ( Tmlt4- Tmlt3 )*Th31(Th4-
Th3) ); 
t34 = (t4- t3) * Th I (Th4-Th3) + ( t3- ( t4- t3 )*Th31(Th4-Th3) ); 
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LP34 = ( ( logiO(Prq4)- log10(Prq3)) * logiO(Th) I ( logiO(Th4)- loglO(Th3))) 
+ loglO(Prq4)-
( ( logiO(Prq4) -loglO(Prq3)) * loglO(Th4) I ( loglO(Th4)- logiO(Th3)) ); 
Prq34 = pow (I 0 , LP34); 
Tmld = (Tmld34 - Tmldl2) * L I (L3-Ll) + ( Tmld12 - ( Tmld34 - Tmld12 ) * 
Ll/(L3 - LI) ); 
Tmlt = (Tmlt34- Tmlt12) * L I (L3-L1) + ( Tmlt12- ( Tmlt34- Tmlt12) * Lli(L3 -
Ll) ); 
- t = (t34- t12) * L I (L3-Ll) + ( t12- ( t34- t12) * Lli(L3- Ll) ); 
Prq = (Prq34- Prq12) * L I (L3-Ll) + ( Prq12- ( Prq34- Prq12) * Ll/(L3- Ll) ); 
FR =We* 0.001 * 1000000. I (den * t); 
I !boundary condition for temperature 
if(Tmld > Tmldmax) (Tmll = Tmldmax); 
else ( Tmll = Tmld ); 
cout << "\n\n" << "FOR RUNNERLESS AND SPRUELESS MOLD" <<"\n\n"<< 
"Tmold = " <<Tmll <<" deg cen"<<"\n"<< "Tmelt = " << Tmlt <<"deg 
cen"<<"\n"<<"Time = "<< t <<" sec"<< "\n"<< "Flow Rate = "<< FR << "cu cm/s" 
<< "\n" <<"Injection Pressure="<< Prq<<" Mpa"<<"\n\n"; 
char cases; 
cout << "Would you like to see the base line cases have been used to derive the 
solution"<<"\n\n"<<" 1. yes 2. No"; 
cin > > cases; 
if ( cases == '1'){ 
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cout << "\n\n" << "The base line cases have been used to derive the 
solution:"<<"\n\n"; 
cout << "Ll = "<< L1 << 11 , Thl = 11 <<Thl << 11 , Tmldl = 11 <<Tmldl << 11 , Tmltl 
= "<<Tmltl << 11 , tl = "<< tl << " , Prql = "<<Prql<<"\n\n11 ; 
cout << "L2 = "<< L2 << " , Th2 = "<<Th2 << " , Tmld2 = "<<Tmld2 << 11 , Tmlt2 
= "<<Tmlt2 << " , t2 = 11<< t2 << 11 , Prq2 = "<<Prq2<<11\n\n 11 ; 
cout << "L3 = "<< L3 << 11 , Th3 = 11<<Th3 << 11 , Tmld3 = 11<<Tmld3 << 11 , Tmlt3 
= 
11<<Tmlt3 << 11 , t3 = 11<< t3 << " , Prq3 = "<<Prq3<<11\n\n 11 ; 
cout << "L4 = 11 << L4 <<" , Th4 = "<<Th4 <<" , Tmld4 = 11 <<Tmld4 << 11 , Tmlt4 
= "<<Tmlt4 << 11 , t4 = 11<< t4 << 11 , Prq4 = 11<<Prq4<<11\n\n11 ; 
} 
} 
if (material == '3' && FLOWTYPE = '2' && L >= 40 && L <= 80 && Th > 2 && 
Th <= 4){ 
Ll= 40; Th1=2; Tmldl= 60; Tmltl= 260; tl= 2; Prql = 1.08; 
L2= 40; Th2=4; Tmld2= 40; Tmlt2= 240; t2= 5; Prq2 = 0.23; 
L3= 80 ; Th3=2 ; Tmld3= 70 ; Tmlt3= 270 ; t3= 2; Prq3 = 2.87; 
L4= 80; Th4=4; Tmld4= 70; Tmlt4= 250; t4= 5; Prq4 = 0.59; 
Tmld12 = (Tmld2 - Tmldl) * Th I (Th2-Thl) + ( Tmldl - ( Tmld2 - Tmldl 
)*Th li(Th2-Th 1) ); 
Tmltl2 = (Tmlt2- Tmltl) * Th I (Th2-Thl) + ( Tmltl - ( Tmlt2- Tmltl )*Thl/(Th2-
Thl) ); 
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tl2 = (t2- tl) * Th I (Th2-Thl) + ( tl- ( t2- tl )*Thli(Th2-Thl) ); 
LP12 = ( ( loglO(Prq2)- loglO(Prql)) * loglO(Th) I ( loglO(Th2)- loglO(Thl) ) ) 
+ logl0(Prq2)-
( ( loglO(Prq2)- loglO(Prql)) * log10(Th2) I ( IoglO(Th2)- IoglO(Thl))); 
Prql2 =pow (10, LP12); 
Tmld34 = (Tmld4 - Tmld3) * Th I (Th4-Th3) + ( Tmld3 - ( Tmld4 - Tmld3 
)*Th31(Th4-Th3) ); 
Tmlt34 = (Tmlt4- Tmlt3) * Th I (Th4-Th3) + ( Tmlt3- ( Tmlt4- Tmlt3 )*Th3I(Th4-
c Th3) ); 
t34 = (t4 - t3) * Th I (Th4-Th3) + ( t3 - ( t4 - t3 )*Th31(Th4-Th3) ); 
LP34 = ( ( loglO(Prq4)- loglO(Prq3)) * loglO(Th) I ( loglO(Th4)- loglO(Th3) ) ) 
+ log 1 O(Prq4) -
( ( loglO(Prq4) -logl0(Prq3)) * loglO(Th4) I ( loglO(Th4) -loglO(Th3)) ); 
Prq34 =pow (10, LP34); 
Tmld = (Tmld34 - Tmldl2) * L I (L3-Ll) + ( Tmldl2 - ( Tmld34 - Tmldl2 ) * 
Lli(L3 - Ll) ); 
Tmlt = (Tmlt34- Tmltl2) * L I (L3-Ll) + ( Tmltl2- ( Tmlt34- Tmltl2) * Lli(L3 -
Ll) ); 
t = (t34- tl2) * L I (L3-Ll) + ( tl2- ( t34- tl2) * Ll/(L3- Ll) ); 
Prq = (Prq34- Prq 12) * L I (L3-Ll) + ( Prq 12- ( Prq34- Prq 12) * Lli(L3 - Ll) ); 
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FR =We* 0.001 * 1000000. I (den * t); 
I /boundary condition for temperature 
if(Tmld > Tmldmax) (Tml1 = Tmldmax); 
else ( Tml1 = Tmld ); 
cout << "\n\n" << "FOR RUNNERLESS AND SPRUELESS MOLD" <<"\n\n"<< 
11Tmold = 11 <<Tml1 <<11 deg cen11<<"\n"<< 11Tmelt = 11 << Tmlt <<" deg 
cen11<< 11\n11<<11 Time = 11 << t <<11 sec"<< 11\n"<< "Flow Rate = 11 << FR << "cu cm/s" 
<< "\n11 <<"Injection Pressure= " << Prq<<11 Mpa"<<"\n\n"; 
char cases; 
cout < < "Would you like to see the base line cases have been used to derive the 
solution"<<"\n\n"<<"l. yes 2. No"; 
cin > > cases; 
if ( cases == '1'){ 
cout << "\n\n" << "The base line cases have been used to derive the 
solution: 11 <<11\n\n"; 
cout << "L1 = "<< L1 <<" , Th1 = "<<Th1 <<" , Tmld1 = "<<Tmldl << ", Tmltl 
= "<<Tmltl << 11 , t1 = "<< tl << 11 , Prq1 = "<<Prql<<"\n\n"; 
cout << "L2 = 11 << L2 << 11 , Th2 = 11 <<Th2 << 11 , Tmld2 = 11 <<Tmld2 << ", Tmlt2 
= 
11 <<Tmlt2 << 11 , t2 = 11 << t2 << 11 , Prq2 = 11<<Prq2<<"\n\n"; 
cout << 11L3 = "<< L3 << 11 , Th3 = 11<<Th3 << " , Tmld3 = "<<Tmld3 << 11 , Tmlt3 
= "<<Tmlt3 << 11 , t3 = "<< t3 << " , Prq3 = "<<Prq3<<"\n\n"; 
cout << "L4 = 11 << L4 << " Th4 = 11<<Th4 << 11 Tmld4 = "<<Tmld4 << " Tmlt4 
' ' , 
= 
11<<Tmlt4 << 11 , t4 = 11<< t4 << 11 , Prq4 = 11 <<Prq4<< 11\n\n"; 
} 
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II End of radial flow 
if (material = '3' && FLOWTYPE = '1' && L >= 40 && L <= 80 && Th >= 1 . 
&& Th <= 2){ 
Ll= 40; Th1=1 ; Tmld1= 60; Tmlt1= 260; t1= 0.2; Prq1 = 12.81; 
L2= 40; Th2=2; Tmld2= 60; Tmlt2= 250; t2= 0.25; Prq2 = 3.32; 
L3= 80; Th3=1 ; Tmld3= 80; Tmlt3= 275; t3= 0.3; Prq3 = 23.29; 
L4= 80; Th4=2; Tmld4= 80; Tmlt4= 265; t4= 0.3; Prq4 = 7.01; 
Tmldl2 = (Tmld2 - Tmldl) * Th I (Th2-Thl) + ( Tmld1 - ( Tmld2 - Tmldl 
)*Thl/(Th2-Th1) ); 
Tmlt12 = (Tmlt2- Tmltl) * Th I (Th2-Thl) + ( Tmltl - ( Tmlt2- Tmltl )*Thli(Th2-
Thl) ); 
t12 = (t2- tl) * Th I (Th2-Th1) + ( tl - ( t2- t1 )*Thl/(Th2-Thl) ); 
LP12 = ( ( log10(Prq2)- log10(Prq1)) * log10(Th) I ( log10(Th2)- log10(Th1))) 
+ log10(Prq2)-
( ( log10(Prq2) -log10(Prql)) * log10(Th2) I ( log10(Th2) -loglO(Thl))); 
Prq12 =pow (10, LP12); 
Tmld34 = (Tmld4 - Tmld3) * Th I (Th4-Th3) + ( Tmld3 - ( Tmld4 - Tmld3 
)*Th31(Th4-Th3) ); 
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Tmlt34 = (Tmlt4 - Tmlt3) * Th I (Th4-Th3) + ( Tmlt3 - ( Tmlt4 - Tmlt3 )*Th31(Th4-
Th3) ); 
t34 = (t4- t3) * Th I (Th4-Th3) + ( t3- ( t4- t3 )*Th31(Th4-Th3) ); 
LP34 = ( ( loglO(Prq4)- log10(Prq3)) * loglO(Th) I ( log10(Th4)- log10(Th3))) 
+ log 1 O(Prq4) -
( ( loglO(Prq4) -log10(Prq3)) * logl0(Th4) I ( log10(Th4) -logl0(Th3)) ); 
Prq34 = pow (1 0 , LP34); 
Tmld = (Tmld34 - Tmld12) * L I (L3-Ll) + ( Tmld12 - ( Tmld34 - Tmld12 ) * 
Lli(L3 - Ll) ); 
Tmlt = (Tmlt34- Tmlt12) * L I (L3-Ll) + ( Tmlt12- ( Tmlt34- Tmlt12) * Lli(L3 -
Ll) ); 
t = (t34- t12) * L I (L3-Ll) + ( t12- ( t34- t12) * Lli(L3- Ll) ); 
Prq = (Prq34- Prq12) * L I (L3-Ll) + ( Prql2- ( Prq34- Prq12) * Ll/(L3- Ll) ); 
FR =We* 0.001 * 1000000. I (den * t); 
I /boundary condition for temperature 
if(Tmld > Tmldmax) (Tmll = Tmldmax); 
else ( Tmll = Tmld ); 
cout << "\n\n" << "FOR RUNNERLESS AND SPRUELESS MOLD" <<"\n\n"<< 
"Tmold = " <<Tmll <<" deg cen" <<"\n"<< "Tmelt = " << Tmlt <<" deg 
cen"<<"\n"<<"Time = "<< t <<"sec"<< "\n"<< "Flow Rate = "<< FR << "cu cm/s" 
<< "\n" <<"Injection Pressure="<< Prq<<" Mpa"<<"\n\n"; 
193 
char cases; 
cout << "Would you like to see the base line cases have been used to derive the 
solution"<<"\n\n"<<"l. yes 2. No"; 
cin > > cases; 
if ( cases == '1'){ 
cout << "\n\n" << "The base line cases have been used to derive the 
solution:"<<"\n\n"; 
cout << "Ll = "<< Ll <<" , Thl = 11<<Thl << 11 , Tmldl = "<<Tmld1 << 11 , Tmltl 
= 
11 <<Tmlt1 <<" , tl = 11 << tl << 11 , Prql = 11<<Prql<<11\n\n11 ; 
cout << 11L2 = "<< L2 <<" , Th2 = 11<<Th2 <<" , Tmld2 = "<<Tmld2 << ", Tmlt2 
= 
11<<Tmlt2 -=:::< 11 , t2 = "<< t2 << 11 , Prq2 = 11<<Prq2<<"\n\n11 ; 
cout << 11 L3 = "<< L3 << " , Th3 = 11 <<Th3 << 11 , Tmld3 = 11 <<Tmld3 << ", Tmlt3 
= 
11<<Tmlt3 << 11 , t3 = "<< t3 << 11 , Prq3 = 11<<Prq3<< 11\n\n11 ; 
cout << 11L4 = 11<< L4 << 11 , Th4 = 11<<Th4 << 11 , Tmld4 = 11 <<Tmld4 << 11 , Tmlt4 
= 
11<<Tmlt4 << 11 , t4 = "<< t4 << 11 , Prq4 = 11<<Prq4<<"\n\n"; 
} 
} 
if(material == '3' && FLOWTYPE = '1' && L >= 40 && L <= 80 && Th >2 && 
Th <= 4){ 
Ll= 40; Thl=2; Tmldl= 60; Tmltl= 250; t1= 0.25; Prql = 3.32; 
L2= 40; Th2=4; Tmld2= 40; Tmlt2= 240; t2= I; Prq2 = 0.45; 
L3= 80; Th3=2; Tmld3= 80; Tmlt3= 265; t3= 0.3; Prq3 = 7.01; 
L4= 80; Th4=4; Tmld4= 70; Tmlt4= 260; t4= 0.5; Prq4 = 1.52; 
Tmld12 = (Tmld2 - Tmld1) * Th I (Th2-Th1) + ( Tmldl - ( Tmld2 - Tmld1 
)*Th li(Th2-Th 1) ); 
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Tmltl2 = (Tmlt2- Tmltl) * Th I (Th2-Thl) + ( Tmltl - ( Tmlt2- Tmltl )*Thli(Th2-
Thl) ); 
tl2 = (t2- tl) * Th I (Th2-Thl) + ( tl- ( t2- tl )*Thli(Th2-Thl) ); 
LP12 = ( ( loglO(Prq2)- loglO(Prql)) * loglO(Th) I ( loglO(Th2)- loglO(Thl))) 
+ loglO(Prq2)-
( ( loglO(Prq2) -loglO(Prql)) * loglO(Th2) I ( loglO(Th2) -loglO(Thl))); 
Prql2 =pow (10, LP12); 
Tmld34 = (Tmld4 - Tmld3) * Th I (Th4-Th3) + ( Tmld3 - ( Tmld4 - Tmld3 
)*Th31(Th4-Th3) ); 
Tmlt34 = (Tmlt4 - Tmlt3) * Th I (Th4-Th3) + ( Tmlt3 - ( Tmlt4 - Tmlt3 )*Th31(Th4-
Th3) ); 
t34 = (t4- t3) * Th I (Th4-Th3) + ( t3- ( t4- t3 )*Th31(Th4-Th3) ); 
LP34 ( ( IoglO(Prq4)- IoglO(Prq3)) * loglO(Th) I ( loglO(Th4)- log10(Th3))) 
+ loglO(Prq4)-
( ( loglO(Prq4) -loglO(Prq3)) * log10(Th4) I ( loglO(Th4) -loglO(Th3)) ); 
Prq34 =pow (10, LP34); 
Tmld = (Tmld34 - Tmld12) * L I (L3-Ll) + ( Tmld12 - ( Tmld34 - Tmld12 ) * 
Ll/(L3 - Ll) ); 
Tmlt = (Tmlt34- Tmltl2) * L I (L3-Ll) + ( Tmltl2- ( Tmlt34- Tmltl2) * Ll/(L3 -
Ll) ); 
t = (t34- tl2) * L I (L3-Ll) + ( tl2- ( t34- tl2) * Lli(L3- Ll) ); 
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Prq = (Prq34- Prql2) * L I (L3-L1) + ( Prq12- ( Prq34- Prq12) * Lli(LJ- L1) ); 
FR =We* 0.001 * 1000000. I (den * t); 
I /boundary condition for temperature 
if (Tmld > Tmldmax) (Tml1 = Tmldmax); 
else ( Tmll = Tmld ); 
cout << "\n\n" << "FOR RUNNERLESS AND SPRUELESS MOLD" <<"\n\n"<< 
"Tmold = " <<Tmll <<" deg cen"<<"\n"<< "Tmelt = " << Tmlt <<" deg 
cen"<<"\n"<<"Time = "<< t <<"sec"<< "\n"<< "Flow Rate = "<< FR << "cu cm/s" 
<< "\n" <<"Injection Pressure= " << Prq<<" Mpa"<<"\n\n"; 
char cases; 
cout << "Would you like to see the base line cases have been used to derive the 
solution"<<"\n\n"<<"l. yes 2. No"; 
cin > > cases; 
if (cases== '1 '){ 
cout << "\n\n" << "The base line cases have been used to derive the 
solution:"<<"\n\n"; 
cout << "Ll = "<< Ll <<" , Thl = "<<Thl <<" , Tmldl = "<<Tmldl << ", Tmltl 
= "<<Tmltl <<" , tl = "<< tl << " , Prql = "<<Prql<<"\n\n"; 
cout << "L2 = "<< L2 <<" , Th2 = "<<Th2 <<" , Tmld2 = "<<Tmld2 << ", Tmlt2 
= "<<Tmlt2 << " , t2 = "<< t2 << " , Prq2 = "<<Prq2<<"\n\n"; 
cout << "LJ = "<< LJ <<" , Th3 = "<<Th3 <<" , TmldJ = "<<Tmld3 << ", Tmlt3 
= "<<TmltJ << " tJ = "<< tJ << " PrqJ = "<<Prq3<<"\n\n"· 
, ' ' 
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cout << "L4 = "<< L4 <<" , Th4 = "<<Th4 <<" , Tmld4 = "<<Tmld4 << ", Tmlt4 
= "<<Tmlt4 <<" , t4 = "<< t4 << " , Prq4 = "<<Prq4<<"\n\n"; 
} 
} 
return 0;} 
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APPENDIX2 
IMPLEivfENTATION OF FLOW ANALYSIS PROGRAM USING 
C++ PROGRAMMING SOFTWARE 
Next section 
Type of material, Number of cavities 
Number of sections, Parameters obtained 
by CBR for cavity ( Melt and Mold 
Temperature, Injection time and Pressure ) 
Which section of feed system being analyzed 
1. Gate 2. runner 3. Sprue 
/ 
Enter the dimensions of corresponding 
section 
Calculation of processing parameters at 
corresponding section. 
Temperature and Pressure needed 
at Nozzle. 
Figure A.2 Flow Chart for Flow Analysis Program. 
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#include <iostream.h> 
#include <math.h> 
double exp( double x); 
double pow( double z., double y); 
double log( double x); 
main() 
{ 
cout <<" 
cout << " FLOW ANALYSIS 
cout <<" 
*** 
*** 
*** ****** 
***** 
*** 
* *** 
"<<"\ntt; 
"<<"\n"; 
"<<"\n"; 
cout <<" 
cout <<" 
*********** ******************* "<<"\n"; 
*********** ********************* "<<"\n"; 
cout << " *********** ******************* 
cout << "INJECTION MOLDING *** ****** *** 
cout <<" 
cout << " EXPERT SYSTEM 
cout <<" 
int n, m; 
*** *** 
******************************** 
******************************** 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n\n"; 
float P, T, Q, Tmld, dP, dT, H, W, d, L, Vave, SR, SRI, A, B, C, vis, SS, den, 
SH, dt, Hfric, Hcond, Htotal, Tmlmin, Tmlmax ; 
char material, sectype, secname; 
cout <<"Please indicate type ofmoulding material" <<"\n\n" <<"I. HIPS ( 
Chemplex/CX 30I) "<<"\n"<<"2. PM:MA =Acrylic ( ROH1v1HAAS I RHlOl 
)"<<"\n"<<"3. Nylon 6 ( AKZOMATNAIOO) "<<"\n\n"; 
cin >>material; 
if(material =='I') {den= 901; SH = 1771; Tmlmin = 200; Tmlmax = 260;} 
if(material == '2') {den= 1010; SH = 2638; Tmlmin = 240; Tmlmax = 260;} 
if (material = '3') { den= 969; SH = 2904; Tmlmin = 230; Tmlmax = 280;} 
cout<<"Enter Number of Cavities"; 
cin>> n; 
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cout<<"Enter number ofsections"<<"\n"; 
cin>>m; 
cout<<"Enter Cavity Pressure Mpa"<<"\n"; 
cin>>P; 
cout<<"Enter Cavity Temperature "<<Tmlmin<<" < T < "<<Tmlmax<<" degree 
Cen"<<"\n"; 
cin>>T; 
cout<<"Enter Mold Temperature degree Cen"<<"\n"; 
cin>>Tmld; 
cout<<"Enter Cavity Flow rate cu cm/sec"<<"\n"; 
cin>>Q; 
for ( int i = 1; i <= m ; i++ ){ 
cout<<"\n\n"<<" For section Number "<<i<<" Enter the required 
information"<<"\n\n"; 
cout <<"\n\n"<<"SpecifY the section: 1. Gate 2. Runner 3. Sprue"; 
cin> >secname; 
cout<<" Enter the section type:" <<"\n"<<"l. Rectangular 2. Circular"<<"\n\n"; 
cin >> sectype; 
if ( sectype == '1') { 
cout << "Enter the thickness (mm)"<<"\n"; 
cin >> H; 
cout << "Enter the width (mm)"<<"\n"; 
cin >> W; 
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cout << "Enter the Length (mm)"<<"\n"; 
cin >> L; 
Vave = Q * 1000 I (H * W); 
SR = 6 * Q * 1000 I (W * H * H); 
if( SR< IO)(SRI = 10); 
if( SR> IOOOOO)(SRI = 100000); 
if( SR > 10 && SR < 100000 )(SRI= SR); 
//following A, B, C has to be just before Viscosity calculation 
if (material = '1 ') { 
if( T >= 210 && T <= 225 ){A= 546697; B = -0.683801; C = -1.555396e-2; } 
if( T > 225 && T <= 245 ){A= 241285; B = -0.672979; C = -1.232281e-2;} 
} 
if(material = '2') {A= 1.989997e7; B = -0.6277; C = -2.728e-2;} 
if (material = '3 ') { 
if( T >= 230 && T <= 245 ){A= 93108.3; B = -0.371475; C = -1.76434le-2;} 
if( T > 245 && T <= 265 ){A= 71918.8; B = -0.313856; C = -1.820258e-2; } 
if( T > 265 && T <= 280 ){A= 56066.4; B = -0.256385; C = -1.875057e-2;} 
} 
vis= A* pow(SR1, B)* exp(C * T); 
if( secname == '1' )(SS = SRI *vis); 
if( secname == '2' II secname == '3' ) (SS = 1.4 *SRI *vis); 
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dP = 2 * L * S S I (H * 1 000000) ; 
dt = L I Vave; 
Hfric = 2 * SS * W * L * Vave * dt I 1000000000; 
dT = Hfric * 1000000000 I ( L * H * W * SH *den ); 
P=P +dP; 
T = T- dT; 
cout<<" Pressure drop for this section= "<<dP<<" (Mpa)"<<"\n\n"; 
cout<<" Temperature difference for this section= "<<dT<<" (degree 
Cen)"<<"\n\n"; 
cout<<" Shear rate calculation for this section= "<<SR<<" (llsec)"<<"\n\n"; 
cout<<" Shear stress calculation for this section= "<<SS<<" (pa)"<<"\n\n"; 
cout<<" Pressure required at the beginning of this section="<< P<<" (Mpa)"<< 
"\n\n"; 
cout<<" Temperature required at the beginning of this section= "<<T<<" 
(degree Cen)"<<"\n"; 
} 
I I end of sectype 1 
if (sectype == '2' ){ 
cout << "Enter the diameter (mm)"<<"\n"; 
cin >> d; 
cout <<"Enter the Length (mm)"<<"\n"; 
cin >> L; 
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float de, z, dd, dL; 
if(secname == '3') 
{ 
cout<<" Enter the end diameter of sprue (mm)"; 
cin>>de; 
dL= L/ 2; 
Vave = n * Q * 1000 I (3.1415927 *de* de I 4); 
SR = 4 * n * Q *1000 I (3.1415927 *de* de* de I 8); 
if( SR < 10)(SR1 = 10); 
if( SR> 100000)(SR1 = 100000); 
if ( SR > 10 && SR < 100000 )(SRI = SR); 
//following A, B, C has to be just before Viscosity calculation 
if (material== '1') { 
if( T >= 210 && T <= 225 ){A= 546697; B = -0.683801; C = -1.555396e-2;} 
if( T > 225 && T <= 245 ){A= 241285; B = -0.672979; C = -1.232281e-2;} 
} 
if(material == '2') {A= 1.989997e7; B = -0.6277; C = -2.728e-2;} 
if (material == '3 ') { 
if( T >= 230 && T <= 245 ){A= 93108.3; B = -0.371475; C = -1.764341e-2;} 
if( T > 245 && T <= 265 ){A= 71918.8; B = -0.313856; C = -1.820258e-2;} 
if( T > 265 && T <= 280 ){A= 56066.4; B = -0.256385; C = -1.875057e-2; } 
} 
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vis= A* pow(SRI, B)* exp(C * T); 
if( secname == '1') (SS = SRI *vis); 
if ( secname == '2' II secname == '3' ) (SS = 1.4 * SRI * vis); 
dt = dL I Vave; 
Hfric = SS * 3.1415927 *de* dL * Vave * dt I 1000000000; 
dT = Hfric * 1000000000 I ( dL * 3.1415927 *de* de I 4 * SH *den); 
T = T- dT; 
dP = 4 * dL * SS /(de * 1000000); 
P=P+dP; 
cout<<"\n"<<" At Second Element of Sprue "<<"\n"; 
cout<<" Pressure drop for this element= "<<dP<<" (Mpa)"<<"\n"; 
cout<<" Temperature difference for this element= "<<dT<<" (degree 
Cen)"<<"\n"; 
cout<<" Shear rate calculation for this element= "<<SR<<" (1/sec)"<<"\n"; 
cout<<" Shear stress calculation for this element= "<<SS<<" (pa)"<<"\n"; 
cout<<" Pressure required at the beginning of this element="<< P<<" (Mpa)"<< 
"\n"; 
cout<<" Temperature required at the beginning ofthis element= "<<T<<" 
(degree Cen)"<<"\n"; 
Vave = n * Q * IOOO I (3.1415927 * d * d I 4); 
SR = 4 * n * Q * I 000 I (3 .1415927 * d * d * d I 8); 
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if( SR < IO)(SR1 = 10); 
if( SR > IOOOOO)(SR1 = 100000)~ 
if( SR > 10 && SR < 100000 )(SRI= SR); 
//following A, B, C has to be just before Viscosity calculation 
if (material = '1 ') { 
if( T >= 210 && T <= 225 ){A= 546697; B = -0.683801; C = -1.555396e-2; } 
if( T > 225 && T <= 245 ){A= 241285; B = -0.672979; C -1.232281e-2;} 
} 
if(material = '2') {A= 1.989997e7; B = -0.6277; C = -2.728e-2;} 
if (material = '3 ') { 
if( T >= 230 && T <= 245 ){A= 93108.3; B = -0.371475; C = -1.764341e-2;} 
if( T > 245 && T <= 265 ){A= 71918.8; B = -0.313856; C = -1.820258e-2;} 
if( T > 265 && T <= 280 ){A= 56066.4; B = -0.256385; C = -1.875057e-2;} 
} 
vis= A* pow(SRI, B)* exp(C * T); 
if ( secname == '1') (SS = SRI *vis); 
if( secname == '2' II secname= '3' ) (SS = 1.4 *SRI* vis); 
dt = dL I Vave; 
Hfric = SS * 3.14I5927 * d * dL * Vave * dt I 1000000000; 
dT = Hfiic * 1000000000 I ( dL * 3.1415927 * d * d I 4 * SH *den ); 
T=T- dT; 
dP = 4 * dL * SS /(d * 1000000); 
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P = P + dP; 
cout<<"\n"<<" AT First element of Sprue "<<"\n"; 
cout<<" Pressure drop for this element= "<<dP<<" (Mpa)"<<"\n"; 
cout<<" Temperature difference for this element= "<<dT<<" (degree 
Cen)"<<"\n"; 
cout<<" Shear rate calculation for this element= "<<SR<<" (1/sec)"<<"\n"; 
cout<<" Shear stress calculation for this element= "<<SS<<" (pa)"<<"\n"; 
cout<<" Pressure required at the beginning of this element="<< P<<" (Mpa)"<< 
"\n"; 
cout<<" Temperature required at the beginning of this element= "<<T<<" 
(degree Cen)"<<"\n"; 
} 
//end of IF's first clause secname 3 (Sprue) 
II start of circular Runner and Gate 
else { 
Vave= Q* 1000/(3.1415927*d*d/4); 
SR = 4 * Q * 1000 I ( 3.1415927 * d * d * d I 8); 
if( SR < 10)(SR1 = 10); 
if( SR > 100000)(SRI = 100000); 
if( SR > 10 && SR < 100000 )(SRI= SR); 
//following A, B, C has to be just before Viscosity calculation 
if (material == ' 1') { 
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if( T >= 210 && T <= 225 ){A= 546697; B = -0.683801; C = -1.555396e-2;} 
if( T >= 225 && T <= 245 ){A= 241285; B = -0.672979; C = -1.232281e-2;} 
} 
if(material == '2') {A= l.989997e7; B = -0.6277; C = -2.728e-2; 
} 
if(material == '3') { 
if( T >= 230 && T <= 245 ){A= 93108.3; B = -0.371475; C = -1.764341e-2; } 
if( T > 245 && T <= 265 ){A 71918.8; B = -0.313856; C = -1.820258e-2;} 
if( T > 265 && T <= 280 ){A= 56066.4; B = -0.256385; C = -1.875057e-2;} 
} 
vis= A* pow(SR1, B)* exp(C * T); 
if( secname == '1') (SS = SRI *vis); 
if( secname = '2' II secname == '3' ) (SS = 1.4 *SRI* vis); 
dP = 4 * L * SS l(d * 1000000); 
dt = L I Vave; 
Hfric= SS * 3.1415927 * d * L * Vave * dtl 1000000000; 
dT = Hfric * 1000000000 I ( L * 3.1415927 * d * d I 4 * SH * den ); 
P=P +dP; 
T = T- dT; 
cout<<" Pressure drop for this section= "<<dP<<" (Mpa)"<<"\n\n"; 
cout<<" Temperature difference for this section= "<<dT<<" (degree 
cen)"<<"\n\n"; 
cout<<" Shear rate calculation for this section= "<<SR<<" (llsec)"<<"\n\n"; 
cout<<" Shear stress calculation for this section= "<<SS<<" (pa)"<<"\n\n"; 
cout<<" Pressure required at the beginning of this section="<< P<<" (Mpa)"<< 
"\n\n"; 
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cout<<" Temperature required at the beginning ofthis section= "<<T<<" 
(degree Cen)"<<"\n"; 
} 
II end of 2nd clause secname not 3 
} 
//end of sectype 2 
} 
//end ofloop 
cout<<"\n\n"<<"Total Pressure required ="<<P<<" (Mpa)"<<"\n\n"; 
cout<<"Total Temperature required ="<<T<<" (degree Cen)"; 
return 0; 
} 
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APPENDIX 3 
IMPLEMENTATION OF POST- PROCESSOR USING C++ 
PROGRAMMING SOFTWARE 
Type of material , Number of cavities, 
Flow rate in cavity, screw diameter 
1 
Calculation of Machine ram velocity 
/Indication of Total weight of molding 
,Machine stroke length rate 
,machine weight rate 
''-----------~-----------/ 1 
/ ' Calculation of machine stroke length 
and minimum cushion required 
' / 
Calculation of switch over length 
Calculation of Cooling Time and 
Holding Time 
'--------------------~ 
Figure A.3 Flow Chart for Post-Processor Program. 
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#include <iostream.h> 
# include <math.h> 
double exp( double x); 
double pow( double z, double y); 
double log( double x); 
main() 
{ 
cout <<" *** 
cout << " POST PROCESSOR *** 
***** 
*** 
cout << " *** ****** * *** 
cout <<" 
cout <<" 
cout <<" 
cout << "INJECTION MOLDING 
cout <<" 
cout << " EXPERT SYSTEM 
cout <<" 
char material; 
float den, SH, K, Tx1, Tx2; 
*********** ******************* 
*********** ********************* 
*********** ******************* 
*** ****** 
*** 
*** 
*** 
******************************** 
******************************** 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n\n"; 
cout << "Please indicate type of moulding material" <<"\n\n" << "1. HIPS (ex 301) 
"<<"\n"<<"2. PMMA = Acrylic (Rohmhaas/ Rh101) "<<"\n"<<"3. Nylon 6 
<<"\n\n"; 
cin > > material; 
if(material == '1') {SH=1771; k= 0.1124; Txl= 140; Tx2= 103; den= 901;} 
if(material == '2') {SH=2554; K= 0.1599; Tx1= 135; Tx2= 120; den= 1010;} 
if(material == '3') {SH=2904; K= 0.1389; Txl= 135; Tx2= 105; den= 969;} 
float Nc, Q, dram, vram, Mstr, Mwtr, SL, Wmld, tswo ; 
cout<<"\n\n"<<"Enter the Number ofcavities"<<"\n\n"; 
cin>>Nc; 
cout<<"\n\n"<<"Enter flow rate in the cavity (cu crn/sec)"<<"\n\n"; 
cin>>Q; 
210 
II 
cout<<"\n\n"<<"Enter the screw diameter (mm) to work out the screw velocity 
(filling speed)"<<"\n\n"; 
cin>>dram; 
vram = ( N c * Q * 1. 1 * 4 ) * 1000 I ( 3. 1415 92 7 * dram * dram ) ; 
cout << "The ram velocity with considering %10 compressity is "<< vram <<" 
mm/sec"<<"\n\n"; 
cout <<"Enter the total weight (gr)"<<"\n\n"; 
cin >>Wmld; 
cout<<"Enter the machine stroke length rate ( maximum stroke shot size ) 
(mm)"<<"\n\n"; 
cin >>Mstr; 
cout<<"Enter the machine weight rate (maximum shot weight) (gr)"<<"\n\n"; 
cin >> Mwtr; 
SL = ( Wmld * Mstr * 893 ) I ( Mwtr * den ); 
cout <<"The machine stroke length for current molding IS "<< SL <<" 
(mm)"<<"\n\n"; 
cout <<"The cushion is at least"<< 0.1 * SL <<" (mm)"<<"\n\n"; 
float SLT, Lswo; 
cout << " For calculating switch over distance Enter Total machine stroke including 
cushion (mm)"<<"\n\n"; 
cin>> SLT; 
Lswo = SLT- (0.98 * SL); 
cout <<"The switch over Length is equal to"<< Lswo<<" (mm)"; 
211 
I IIIII I I I Ill/ Ill/ 1/l/////////// /Cooling Time/// I IIIII I II II I I I Ill/Ill/// I II I I 
float h, Tc, a!, Tmld, Scool; 
cout<<"\n"<<" Enter the molding cavity thickness (mm): "<<"\n\n"; 
cin>>h; 
cout<<"\n"<<" Enter the molding cavity Temperature (degree Cen) : "<<"\n\n"; 
cin>>Tc; 
cout<<"\n"<<" Enter the mold temperature (degree Cen): "<<"\n\n"; 
cin>>Tmld; 
al = K * 10000 I ( SH *den); 
Scool = -1 * h * h * 0.01 I ( 2 * 3.14 *a!) *log ( 3.14 I 4 * ( Txl - Tmld) I ( Tc-
Tmld) ); 
cout<<"\n"<<"Required Cooling time for cavity is equal to= "<< Scool<<" (sec)"; 
/IIIII I I II I Ill II Ill I IIIII Ill/ II /Holding time// Ill I /IIIII Ill/ /////////////Ill 
float Shold; 
cout<<"\n"<<" Enter the gate thickness (mm): "<<"\n\n"; 
cin>>h; 
cout<<"\n"<<" Enter the gate Temperature (degree Cen) : "<<"\n\n"; 
cin>>Tc; 
cout<<"\n"<<" Enter the mold temperature (degree Cen): "<<"\n\n"; 
cin>>Tmld; 
al = K * 10000 I ( SH *den'); 
Shold = -1 * h * h * 0.01 I ( 2 * 3.14 * al) *log ( 3.14 I 4 * ( Tx2- Tmld) I ( Tc-
Tmld) ); 
cout<<"\n"<<"Required holding time is equal to= "<< Shold<<" (sec)"; 
return 0;} 
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APPENDIX 4 
IMPLEMENTATION OF TROUBLE SHOOTING PROGRAM USING 
C++ PROGRAMMING SOFTWARE 
Type of material 
Type of Defects Solutions 
Change action 
Implementation 
on the machine 
1 
~---Y~-~ 
1 
y 
Figure A.4 Trouble Shooting Program Flow Chart. 
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#include <iostream.h> 
# include <math. h> 
main() 
{ 
cout <<" *** 
cout <<" *** 
***** 
*** 
cout << "TROUBLE SHOOTING *** ****** * *** 
cout <<" 
cout <<" 
*********** ******************* 
******************************** 
cout << 11 *********** ******************* 
cout <<"INJECTION MOLDING *** ****** *** 
cout << 11 
cout <<"EXPERT SYSTEM 
cout <<" 
*** *** 
******************************** 
******************************** 
"<<"\n"~ 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n"; 
"<<"\n\n"; 
1111111111111111111111111111 Material selection I 1111111111111 I I I 1111111111 I 
char material; 
float Tbmin, Tbmax, Pmin, Pmax, Tmlmin, Tmlmax, Tmld, Tmlt; 
cout <<"Please indicate type of moulding material" <<"\n\n" << "1. HIPS "<<"\n"<< 
"2. Acrylic "<<"\n"<<"3. Nylon 6 "<<"\n\n"; 
cin > > material; 
if(material == '1') {Tbmin = 200; Tbmax = 280 ; Tmlmin = 40; Tmlmax = 60;} 
if(material = '2') {Tbmin = 240; Tbmax = 280 ; Tmlmin =50; Tmlmax = 90;} 
if (material== '3') {Tbmin = 230; Tbmax = 280 ; Tmlmin = 40; Tmlmax = 80;} 
II module one (Problem and solution) 
char problem, indication; 
cout <<"Enter the problem:" << "\n\n" << " s. sinkmark" <<"\n\n"<< " b. burnt 
streaks " <<"\n\n"<<" w. weld line" <<"\n\n"<<" j. jetting" <<"\n\n"<<" d. diesel 
effect(burns)" <<"\n\n"<<" i. Incompletely filled part (short shot)" <<"\n\n" <<" o. 
oversprayed parts (flashes)" <<"\n\n"<<" f. deFormation during demolding"<<"\n\n" 
<<" p. warpage " << " \n\n" ; 
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cin >>problem; 
I I 1. Considering sinkmark 
if (problem = 's'){ 
cout <<"\n\n" <<"What is indication:" <<"\n\n" <<"a. Residual melt cushion too 
small" <<"\n" <<"b. sinkmark close to gate or thick-wall areas" <<"\n" <<"c. sink 
marks away from the gate or in thin-wall areas?" <<"\n" <<"d. sinkmarks directly 
after demolding?" <<"\n" <<"e. not any of them" <<"\n\n "; 
cin >>indication; 
if ( indication = 'a') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) increase metering stroke " <<"\n" 
<<"(2) check non-return valve"; 
else if ( indication = 'b') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) optimize holding pressure time" <<"\n" 
<<"(2) increase holding pressure (maybe short overpacking)" <<"\n" <<"(3) change 
mold wall temperature(-)" <<"\n" <<"(4) change melt temperature(-)" <<"\n" <<"(5) 
change injection rate(-)" <<"\n"; 
else if ( indication = 'c') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) optimize holding pressure time" <<"\n" 
<<"(2) increase holding pressure (maybe short overpacking)" <<"\n" <<"(3)change 
injection rate(+)" <<"\n" <<"(4) change melt temperature(+)" <<"\n" <<"(5) change 
mold wall temperature(+)" <<"\n"; 
else if ( indication == 'd') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) check ventilation" <<"\n" <<"(2) check 
sprue and gate dimension" <<"\n" <<"(3) check granules condition" <<"\n" <<"(4) 
adapt mold temperature control" <<"\n" <<"(5) remove material accumulations" 
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<<"(6) consider wall thickness/rib ratio" <<"\n" <<"(7) add blowing agent" <<"\n" 
<<"(8) use plastic with low shrinkage" <<"\n "; 
else 
cout <<"\n\n" <<"solution: increase cooling time";} 
II 2. Considering burnt streaks 
if (problem == 'b'){ 
cout <<"\n\n" <<"What is indication:" <<"\n\n" <<"a. melt temperature above the 
processing range?" <<"\n" <<"b. is the melt residence time within the critical range?" 
<<"\n" <<"c. burnt streaks appearing periodically or visible after injection(into the 
air)" <<"\n" <<"d. burnt streaks near the gate?" <<"\n" <<"e. not any of them" 
<<"\n\n> "; 
cin >>indication; 
if (indication = 'a') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"reduce melt temperature:" <<"\n" <<"(1) 
vary cylinder temperature(-)" <<"\n" <<"(2) vary screw speed(-)" <<"\n" <<"(3) 
reduce back pressure "· 
else if (indication == 'b') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) reduce cycle time" <<"\n" <<"(2) 
increase plasticizing time delay" <<"\n" <<"(3) use the machine to higher capacity: 
increase screw stroke" <<"\n" <<"(4) reduce reclaim part"; 
else if (indication== 'c') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(l) avoid dead spots and flow impeding 
areas in the gate system and in the plasticizing unit" <<"\n" <<"(2) check plasticizing 
unit for wear" <<"\n" <<"(3) check granules condition and feed"; 
else if (indication== 'd') 
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cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) lower injection rate (injection profile 
slow-fast)" <<"\n" <<"(2) check hot-runner" <<"\n" <<"(3) avoid sharp edges in the 
gate system" < <"\n"; 
else 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) lower injection rate" <<"\n" <<"(2) 
avoid sharp edges" <<"\n" <<"(3) avoid small runners" <<"\n" <<"(4) check sprue 
and gate system" <<"\n" <<"(5) check nozzle cross-section" <<"\n" <<"(6) check 
functioning of shut-off nozzle" <<"\n" <<"(7) check pre-drying of material" <<"\n" 
<<"(8) reduce reclaim part" <<"\n" <<"(9) use molding compound or coloring agents 
with higher thermal stability ";} 
/* 3. Considering weld line *I 
if (problem = 'w') { 
cout <<"\n\n" <<"What is indication:" <<"\n\n" <<"a. color change near weld line?" 
<<"\n" <<"b. can the PROMOLD-process be applied?" <<"\n" <<"c. not any of 
them" <<"\n\n> "; 
cin >>indication; 
if (indication = 'a') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(I) use smaller pigments" <<"\n" <<"(2) 
use spherical pigments" <<"\n" <<"(3) use lighter material "· 
else if (indication == 'b') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) apply PROMOLD-process"; 
else 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) increase mold wall temperature" <<"\n" 
<<"(2) increase injection rate" <<"\n" <<"(3) increase melt temperature" <<"\n" 
<<"(4) increase holding pressure" <<"\n" <<"(5) check ventilation" <<"\n" <<"(6) use 
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mold wall with higher roughness" <<"\n" <<"(7) move gate (move weld line to 
invisible area)";} 
/* 4. Considering Jetting */ 
if (problem == J') { 
cout <<"\n\n" <<"What is indication:" <<"\n\n" <<"a. can injection speed be 
reduced?" <<"\n" <<"b. can the melt temperature be changed?" <<"\n" <<"c. not any 
ofthem" <<"\n\n> "; 
cin >>indication; 
if (indication = 'a') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) reduce injeCtion speed or injection 
profile (slow-fast)"; 
else if (indication == 'b') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) change melt temperature(+)"; 
else 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) check position of mold" <<"\n" <<"(2) 
round off transition gate-molded part" <<"\n" <<"(3) increase gate diameter" <<"\n" 
<<"(4) move gate (create flow resistance)" <<"\n" <<"(5) use impact die";} 
/* 5. Considering Diesel effect (burns) *I 
if (problem == 'd'){ 
cout <<"\n\n" <<"What is indication:" <<"\n\n" <<"a. dose the defect occur suddenly 
during production?" <<"\n" <<"b. can clamping force be reduced?" <<"\n" <<"c. not 
any of them" <<"\n\n> "; 
cin >> indication; 
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if (indication = 'a') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) check venting channels for dirt"; 
else if (indication = 'b') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) reduce clamping force ofthe machine"; 
else 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) reduce injection speed " <<"\n" <<"(2) 
ensure sufficient ventilation" <<"\n" <<"(3) avoid entrapped air by changing flow 
profile";} 
/* 6. Considering Incompletely filled parts (short shot) */ 
if(problem = 'i'){ 
cout <<"\n\n" <<"What is indication:" <<"\n\n" <<"a. screw at the very front?" 
<<"\n" <<"b. is maximum injection pressure reached?" <<"\n" <<"c. is there a drop in 
pressure during the filling?" <<"\n" <<"d. not any of them" <<"\n\n> "; 
cin >> indication; 
if (indication == 'a') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) increase dosage" <<"\n" <<"(2) check 
non-return valve"; 
else if (indication = 'b') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) increase maximum injection pressure" 
<<"\n" <<"(2) increase melt temperature" ; 
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else if (indication == 'c') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) belated pressure change-over:" <<"\n" 
<<"increase change-over pressure" <<"\n" <<"increase change-over distance " <<"\n" 
<<"increase change-over time"; 
else 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) change injection speed (+)" <<"\n" 
<<"(2) increase mold wall temperature" <<"\n" <<"(3) improve venting" <<"\n" 
<<"(4) change gate geometry" <<"\n" <<"(5) check nozzle bore and temperature" ;} 
/* 7. Considering oversprayed parts (flashes) */ 
if (problem = 'o'){ 
cout <<"\n\n" <<"What is indication:" <<"\n\n" <<"a. can clamping force be 
increased?" <<"\n" <<"b. high mold deformation?" <<"\n" <<"c. overspraying near 
the gate?" <<"\n" <<"d. not any of them" <<"\n\n> "; 
cin > > indication; 
if (indication == 'a') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) increase clamping force"; 
else if (indication = 'b') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"avoid pressure peaks in the mold:" <<"\n" 
<<"(1) optimize change-over point" <<"\n" <<"(2) reduce holding pressure" <<"\n" 
<<"(3) change clamping force" <<"\n" <<"(4) stiffen mold"; 
else if (indication == 'c') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) lower injection speed"; 
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else 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) earlier change-over to holding pressure" 
<<"\n" <<"(2) lower injection speed or injection profile slow-fast-slow" <<"\n" 
<<"(3) reduce melt temperature" <<"\n" <<"(4) reduce mold wall temperature";} 
//8. Deformation during demolding 
if (problem == 'f){ 
cout <<"\n\n" <<"What is indication:" <<"\n\n" <<"a. demolding under residual 
pressure?" <<"\n" <<"b. penetrated ejectors?" <<"\n" <<"c. Deformation due to or on 
undercut?" <<"\n" <<"d. Extraction markings" <<"\n" <<"e. Strong demolding 
forces due to shrinkage on the core ?" <<"\n" <<"f Strongly. ribbed molded 
part?"<<"\n" <<"g. not any ofthem" <<"\n\n> "; 
cin >>indication; 
if (indication == 'a') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) earlier change-over to holding 
pressure"<<"\n"<<"(2) decrease holding pressure"<<"\n"<<"(3) increase cooling 
time"<<"\n"<<"(4) stiffen mold"<<"\n"; 
else if (indication = 'b') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) increase cooling time" <<"\n" ; 
else if (indication= 'c') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) reduce cooling time "<<"\n"<<"(2) 
check demolding system"<<"\n"; 
else if (indication == 'd') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) reduce holding pressure" <<"\n" <<"(2) 
increase cooling time" <<"\n" <<"(3)check surface structure of mold walls" <<"\n"; 
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else if (indication == 'e') 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) reduce cooling time" <<"\n" <<"(2) 
increase holding pressure" <<"\n" <<"(3) optimize holding pressure time" <<"\n"; 
else if (indication == 'f) 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) reduce holding pressure" <<"\n" <<"(2) 
reduce holding pressure time" <<"\n" <<"(3) increase cooling time" <<"\n"; 
else 
cout <<"\n\n" <<"solution:" <<"\n\n" <<"(1) vary mold wall temperature" <<"\n" 
<<"(2) increase ejector speed" <<"\n" <<"(3)check core venting" <<"\n" <<"( 4) 
check demolding system"<<"\n" <<"(5) check drafts" <<"\n" <<"(6) use mold release 
agent";} 
//9. warpage 
if (problem -- 'p'){ cout<<"\n\n"<<"solution:"<<"\n\n"<<"(l) change mold 
temperature"<<"\n\n"<<"(2) change melt temperature"<<"\n\n"<<"(3) change 
injection speed" <<"\n\n"<<"(4) change switch over position" <<"\n\n"<<"(5) change 
geometry of molded part"<<"\n\n";} 
float To, Tn, Po, ·Pn, dX; 
char speed, action, result; 
//module2 (Optimization starts) 
cout <<"\n\n" <<"If setting parameters have to be optimized, you have three options 
in optimization" <<"\n\n"<< "a. Slow optimization" <<"\n\n" <<"b. Moderate 
optimization"<<"\n\n" <<"c. Fast optimization"<<"\n\n"; 
cin >>speed; 
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if(speed =='a') (dX = 5); 
else if(speed == 'b') (dX = 10); 
else (dX = 15); 
cout <<"\n\n\n"<<"What is the suggested corrective action" << "\n\n" << "a. Increase 
barrel temperature" <<"\n" << "b. Decrease barrel temperature" << "\n" << "c. 
Increase injection pressure" <<"\n" <<"d. Decrease injection pressure" <<"\n" << "e. 
increase mold temperature" <<"\n" << "f Decrease mold temperature" <<"\n\n"; 
cin > > action; 
if (action = 'a'){ 
cout <<"What is the current setting barrel temperature" <<"\n\n" <<"To="; 
cin >>To; 
if (To<= Tbmax && To>= Tbmin){ 
Tn=To+dX; 
cout <<"\n\n"<< "Set the barrel temperature on Tn =" << Tn <<"\n" <<"What is the 
result:" <<"\n\n" <<"a. molded part OK" <<"\n" <<"b. defect better" <<"\n" <<"c. 
defect worst" <<"\n" <<"d. new defect created" <<"\n" <<"e. defect unchanged" 
<<"\n\n"<<">" ; 
cin >>result; 
if ( result == 'b') 
//upper loop limit 
for(;;) { 
Tn = Tn + dX; 
cout <<"\n\n"<< "Set the barrel temperature on Tn =" << Tn <<"\n" <<"What is the 
result:" <<"\n\n" <<"a. molded part OK" <<"\n" <<"b. defect better" <<"\n" <<"c. 
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defect worst" <<"\n" <<"d. new defect created" <<"\n" <<"e. defect unchanged" 
<<"\n\n"<<">" ; 
cin > > result; 
if( Tn > Tbmax){ 
cout << "setting temperature is outside the recommended range start with a value 
inside the range, if it is not possible go to diagram again and change the action"; 
break; 
} 
if (result != 'b') 
break; 
}; 
//lower loop limit 
if (result =='a') 
cout << "\n\n" <<" T(optimum barrel temperature)="<< Tn; 
else if ( result == 'c') 
cout << "\n\n" << " T(optimum barrel temperature)="<< Tn-dX <<"\n"<<" run the 
processor again, decrease the optimization speed or change the action"; 
else if ( result == 'd') 
cout << "\n\n" << " T(optimum barrel temperature)="<< Tn-dX <<"\n"<< " run the 
processor again, decrease the optimization speed or change the action"; 
else 
cout << "\n\n" <<"run the processor again and change the action"; 
} 
else 
cout << "setting temperature is outside the recommended range start with a value 
inside the range, if it is not possible go to diagram again and change the action"; 
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II the following sign } end up the action of increase barrel temperature 
} 
if (action = 'b'){ 
cout <<"What is the current setting barrel temperature" <<"\n\n" <<"To="; 
cin >>To; 
if(To <= Tbmax && To>= Tbmin){ 
Tn =To- dX; 
cout <<"\n\n"<< "Set the temperature on Tn =" << Tn <<"\n" <<"What is the 
result:" <<"\n\n" <<"a. molded part OK" <<"\n" <<"b. defect better" <<"\n" <<"c. 
defect worst" <<"\n" <<"d. new defect created" <<"\n" <<"e. defect unchanged" 
<<"\n\n"<<">" ; 
cin > > result; 
if ( result= 'b') 
I /upper loop limit 
for(;;) { 
Tn = Tn- dX; 
cout <<"\n\n"<< "Set the barrel temperature on Tn =" << Tn <<"\n" <<"What is the 
result:" <<"\n\n" <<"a. molded part OK" <<"\n" <<"b. defect better" <<"\n" <<"c. 
defect worst" <<"\n" <<"d. new defect created" <<"\n" <<"e. defect unchanged" 
<<"\n\n"<<">" ; 
cin >>result; 
if( Tn < Tbmin){ 
cout << "setting temperature is outside the recommended range start with a value 
inside the range, if it is not possible go to diagram again and change the action"; 
break; 
} 
if ( result != 'b') 
break; 
}; 
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if ( result== 'a') 
cout << "\n\n" <<" T(optimum barrel temperature)="<< Tn; 
else if ( result = 'c') 
cout << "\n\n" <<" T(optimum barrel temperature)="<< Tn+dX <<"\n"<<" run the 
processor again, decrease optimization speed or change the action"; 
else if ( result == 'd') 
cout << "\n\n" <<" T(optimum barrel temperature)="<< Tn+dX <<"\n"<< " run the 
processor again, decrease optimization speed or change the action"; 
else 
cout << "\n\n" <<"run the processor again and increase the speed of optimization"; 
} 
else cout << "setting temperature is outside the recommended range start with a value 
inside the range, if it is not possible go to diagram again and change the action"; 
II the following sign } end up the action of decrease temperature 
} 
if (action== 'c'){ 
cout <<"What is the current setting injection pressure" <<"\n\n" <<"Po="; 
cin >>Po; 
if (Po <= Pmax && Po >= Pmin){ 
Pn =Po+ dX; 
cout <<"\n\n"<< "Set the pressure on Pn =" << Pn <<"\n" <<"What is the result:" 
<<"\n\n" <<"a. molded part OK" <<"\n" <<"b. defect better" <<"\n" <<"c. defect 
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worst" <<"\n" <<"d. new defect created" <<"\n" <<"e. defect unchanged" 
<<"\n\n"<<">" ; 
cin >>result; 
if ( result == 'b') 
I /upper loop limit 
for(;;) { 
Pn=Pn + dX; 
cout <<"\n\n"<< "Set the Injection pressure on Pn =" << Pn <<"\n" <<"What is the 
result:" <<"\n\n" <<"a. molded part OK" <<"\n" <<"b. defect better" <<"\n" <<"c. 
defect worst" <<"\n" <<"d. new defect created" <<"\n" <<"e. defect unchanged" 
<<"\n\n"<<">" ; 
cin >>result; 
if( Pn > Pmax){ 
cout << "setting pressure is outside the recommended range start with a value inside 
the range, if it is not possible go to diagram again and change the action"; 
break; 
} 
if ( result != 'b') 
break; 
}; 
if ( result == 'a') 
cout << "\n\n" <<" P(optimum)=" << Pn; 
else if ( result == 'c') 
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cout << "\n\n" << " P(optimum)="<< Pn-dX <<"\n"<<" run the processor again, 
decrease optimization speed or change the action"; 
else if ( result== 'd') 
cout << "\n\n" << " P(optimum)="<< Pn-dX <<"\n"<< " run the processor again, 
decrease optimization speed or change the action"; 
else 
cout << "\n\n" << " run the processor again and change the action"; 
} 
else cout << "setting pressure is outside the recommended range start with a value 
inside the range, if it is not possible go to diagram again and change the action"; 
II the following sign } end up the action of increase injection pressure 
} 
if(action = 'd'){ 
cout <<"What is the current setting injection pressure" <<"\n\n" <<"Po= "; 
cin >>Po; 
if (Po <= Pmax && Po >= Pmin){ 
Pn =Po- dX; 
cout <<"\n\n"<< "Set the pressure on Pn =" << Pn <<"\n" <<"What is the result:" 
<<"\n\n" <<"a. molded part OK" <<"\n" <<"b. defect better" <<"\n" <<"c. defect 
worst" <<"\n" <<"d. new defect created" <<"\n" <<"e. defect unchanged" 
<<"\n\n"<<">" ; 
cin > > result; 
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if ( result = 'b') 
//upper loop limit 
for(;;) { 
Pn = Pn- dX; 
cout <<"\n\n"<< "Set the Injection pressure on Pn =" << Pn <<"\n" <<"What is the 
result:" <<"\n\n" <<"a. molded part OK" <<"\n" <<"b. defect better" <<"\n" <<"c. 
defect worst" <<"\n" <<"d. new defect created" <<"\n" <<"e. defect unchanged" 
<<"\n\n"<<">" ; 
cin > > result; 
if( Pn < Pmin){ 
cout << "setting pressure is outside the recommended range start with a value inside 
the range, if it is not possible go to diagram again and change the action"; 
break; 
} 
if ( result != 'b') 
break; 
}; 
if ( result = 'a') 
cout << "\n\n" <<" P(optimum)=" << Pn; 
else if ( result == 'c') 
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cout << "\n\n" << " P(optimum)="<< Pn+dX <<"\n"<<" run the processor again, 
decrease optimization speed or change the action"; 
else if ( result == 'd') 
cout << "\n\n" << " P(optimum)="<< Pn+dX <<"\n"<< " run the processor again, 
decrease optimization speed or change the action"; 
else 
cout << "\n\n" <<"run the processor again and change the action"; 
} 
else cout < < "setting pressure is outside the recommended range start with a value 
inside the range, if it is not possible go to diagram again and change the action"; 
II the following sign } end up the action of decrease injection pressure 
} 
if (action == 'e'){ 
cout <<"What is the current setting mould temperature" <<"\n\n" << "To= "; 
cin >>To; 
if(To <= Tmlmax && To>= Tmlmin){ 
Tn =To+ dX; 
cout <<"\n\n"<< "Set the mould temperature on Tn =" << Tn <<"\n" <<"What is the 
result:" <<"\n\n" <<"a. molded part OK" <<"\n" <<"b. defect better" <<"\n" <<"c. 
defect worst" <<"\n" <<"d. new defect created" <<"\n" <<"e. defect unchanged" 
<<"\n\n"<<">" ; 
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cin >>result; 
if ( result = 'b') 
//upper loop limit 
for(;;) { 
Tn= Tn + dX; 
cout <<"\n\n"<< "Set the mold temperature on Tn =" << Tn <<"\n" <<"What is the 
result:" <<"\n\n" <<"a. molded part OK" <<"\n" <<"b. defect better" <<"\n" <<"c. 
defect worst" <<"\n" <<"d. new defect created" <<"\n" <<"e. defect unchanged" 
<<"\n\n"<<">" ; 
cin > > result; 
if( Tn > Tmlmax){ 
cout << "setting temperature is outside the recommended range start with a value 
inside the range, if it is not possible go to diagram again and change the action"; 
break; 
} 
if ( result != 'b') 
break; 
}; 
I /lower loop limit 
if ( result == 'a') 
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cout << 11\n\n 11 << 11 T(optimum mould temperature)= 11 << Tn; 
else if ( result == 'c') 
cout << 11\n\n 11 << " T(optimum mould temperature)="<< Tn-dX <<11\n"<<" run the 
processor again, decrease the optimization speed or change the action"; 
else if (result== 'd') 
cout << "\n\n" << " T(optimum mould temperature)="<< Tn-dX <<"\n"<< " run the 
processor again, decrease the optimization speed or change the action"; 
else 
cout << "\n\n" <<"rim the processor again and change the action"; 
} 
else cout <<"setting temperature is outside the recommended range start with a value 
inside the range, if it is not possible go to diagram again and change the action"; ' 
I I the following sign } end up the action of increase mold temperature 
} 
if(action =='f){ 
cout <<"What is the current setting mould temperature" <<"\n\n" <<"To= II; 
cin >>To; 
if(To <= Tmlmax && To>= Tmlmin){ 
Tn=To- dX; 
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cout <<"\n\n"<< "Set the mould temperature on Tn =" << Tn <<"\n" <<"What is the 
result:" <<"\n\n" <<"a. molded part OK" <<"\n" <<"b. defect better" <<"\n" <<"c. 
defect worst" <<"\n" <<"d. new defect created" <<"\n" <<"e. defect unchanged" 
<<"\n\n"<<">" ; 
cin > > result; 
if ( result = 'b') 
//upper loop limit 
for(;;) { 
Tn= Tn- dX; 
cout <<"\n\n"<< "Set the barrel temperature on Tn =" << Tn <<"\n" <<"What is the 
result:" <<"\n\n" <<"a. molded part OK" <<"\n" <<"b. defect better" <<"\n" <<"c. 
defect worst" <<"\n" <<"d. new defect created" <<"\n" <<"e. defect unchanged" 
<<"\n\n"<<">" ; 
cin > > result; 
if( Tn < Trnlmin){ 
cout << "setting temperature is outside the recommended range start with a value 
inside the range, if it is not possible go to diagram again and change the action"; 
break; 
} 
if ( result != 'b') 
break; 
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}; 
I !lower loop limit 
if ( result == 'a') 
cout << "\n\n" <<" T(optimum)= "<< Tn; 
else if ( result == 'c') 
cout << "\n\n" << " T(optimum)="<< Tn+dX <<"\n"<<" run the processor again, 
decrease optimization speed or change the action"; 
. else if ( result == 'd') 
cout << "\n\n" << " T(optimum)="<< Tn+dX <<"\n"<< " run the processor again, 
decrease optimization speed or change the action"; 
else 
cout << "\n\n" <<"run the processor again and change the action"; 
} 
else cout <<"setting temperature is outside the recommended range start with a value 
inside the range, if it is not possible go to diagram again and change the action"; 
II the following sign } end up the action of decrease temperature 
} 
return 0;} 
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APPENDIX 5 
TESTING THE LINEAR RELATIONSHIPS USING MOLDFLOW 
SIMULATION AND ANALYSIS PROGRAM 
In this section experiments were performed using Moldflow injection molding 
simulation and analysis program (Austin, 1993) to validate the linear relationships 
which were established in Chapter 4. Subsequently, four experiments were 
undertaken and results analysed. The tests were conducted using two different 
processing materials which were High Impact polystyrene [HIPS] and Acrylic. These 
materials are commonly used materials in molding industry. 
Test 1. Linear relations between processing parameters and flow length using High 
Impact Polystyrene [HIPS] as processing material, 
Test 2. Linear relations between processing parameters and flow thickness using 
HIPS as processing material, 
Test 3. Linear relations between processing parameters and flow length using 
Acrylic as processing material, 
Test 4. Linear relations between processing parameters and flow thickness using 
Acrylic as processing material. 
Test 1. Linear relationships between processing parameters and flow length 
using HIPS as processing material 
Two basic cases were derived using Moldflow as follows: 
Case 1 L=40 mm, Th=2 mm, Tmold=50°C, Tmelt=230°C, t=0.3 sec, P=6.56 MPa 
Case 2 L=IOO mm, Th=2 mm, Tmold=50°C, Tmelt=240°C, t=0.7 sec, P=15.05 Mpa 
where: 
Material type: HIPS (Chemplex I cx301) 
Flow type: unidirectional flow 
In this example mold temperature did not have any significant effect. 
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Optimum molding conditions derived for case one using Moldflow program : 
Mold temperature : 50.00 oc 
Melt temperature : 230.00 °C 
Injection time: 0.30 sec 
Flow rate: 2.67 cu.cm/sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEl\.1P COOLING 
NUM. DROP GRAD RATE TIME 
l\.1Pa l\.1Pa l\.1Pa/m l\.1Pa 1/s oc sec 
1) 6.44 1.29 160.77 0.161 400.000 229.96 10.99 
2) 5.15 1.29 160.88 0.161 400.000 229.91 10.99 
3) 3.87 1.29 160.99 0.161 400.000 229.87 10.98 
4) 2.58 1.29 161.09 0.161 400.000 229.83 10.98 
5) 1.29 1.29 161.19 0.161 400.000 229.79 10.98 
Optimum molding conditions derived for case two using Moldflow program: 
Mold temperature : 50.00 °C 
Melt temperature : 240.00 °C 
Injection time : 0.70 sec 
Flow rate: 2.86 cu.crnlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEl\.1P COOLING 
NUM DROP GRAD RATE TIME 
l\.1Pa l\.1Pa l\.1Pa/m l\.1Pa 1/s oc sec 
1) 15.04 2.99 149.58 0.150 428.571 239.79 11.47 
2) 12.05 3.00 150.01 0.150 428.571 239.58 11.46 
3) 9.05 3.01 150.43 0.150 428.571 239.39 11.45 
4) 6.04 3.02 150.83 0.151 428.571 239.20 11.44 
5) 3.02 3.02 151.22 0.151 428.571 239.01 11.43 
In the above analysis flow length was divided into five equal sections. Following the 
trial sets of parameters including melt temperature, mold temperature and injection 
time were analysed. Under an optimum set of process parameters the following 
conditions were obtained. 
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- constant pressure drop along the flow, 
-uniform temperature along the flow, 
-shear stress less than maximum allowable for HIPS material (0.3 Mpa). 
According to Moldflow (Austin, 1993), these conditions are chosen in order to 
obtain moldability and stress conditions. 
Case one was obtained using trial and error to reach the above conditions. To 
determine case two, processing parameters of case one were used as a start. 
Therefore, optimum processing parameters of case two were obtained using 
Moldflow and bringing into account the following assumptions. 
- longer flow would require higher melt temperature, 
- longer flow would require longer injection time. 
Subsequently linear relationships were established using case 1 and case2 as follows. 
P(MPa) 
240 .•......... ···~·~:.::..·~2 
--230 ~~ .• ---
40 100 
L(mm) 
(a) 
1s.os ··············~~·~:::.·.;.• c2 
6 56 C! -----
. ····• 
40 100 
L(mm) 
(b) 
t (sec) 
0.7 ..................... ... 
............. c2 
-- . ,.... : 
0.3 ·~···...... : 
C! ~ ~ 
40 ' 100 
L(mm) 
(c) 
T= 0.166L + 223.33 
P = 0.1415L + 0.9 where 40 < L < 100 
t = 0.0066 L + 0.033 
To test the linear relationships five different flow length were selected as L={ 50, 60, 
70, 80, 90} and subsequently corresponding optimum T, P, t for each flow obtained 
using linear relationships as follows. 
Flow 1: L=SO mm, Th=2 mm, Tmold=SO °C, Tmelt=231.7 °C, t=0.37 sec, 
P=7.975 MPa 
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Flow 2: L=60 mm, Th=2 mm, Tmold=50 °C, Tmelt=233.33 °C, t=0.43 sec, 
P=9.39 MPa 
Flow 3: L=70 mm, Th=2 mm, Tmold=50 °C, Tmelt=235 °C, t=0.5 sec, 
P=l0.8 MPa 
Flow 4: L=80 mm, Th=2 mm, Tmold=50 °C, Tmelt=236.67 °C, t=0.57 sec, 
P=l2.22MPa 
Flow 5: L=90 mm, Th=2 mm, Tmold=50 °C, Tmelt=238.33 °C, t=0.63 sec, 
P=l3.63 MPa 
Testing the optimum parameters obtained by linear relation using Moldtlow 
Flow 1: L=50 mm, Th=2 mm, Tmold=50 °C, Tmelt=231.7 °C, t=0.37 sec, P=7.975 MPa 
Mold temperature: 50.00 °C 
Melt temperature : 231.70 °C 
Injection time : 0.37 sec 
Flow rate : 2. 70 cu.crnlsec 
SECT PRESS PRESS PRESS 
NUM DROP GRAD 
MPa MPa MPalm 
1) 7.97 1.59 159.02 
2) 6.38 1.59 159.17 
3) 4.78 1.59 159.31 
4) 3.19 1.59 159.45 
5) 1.60 1.60 159.59 
STRESS SHEAR TEMP COOLING 
RATE TIME 
MPa 1/s oc sec 
0.159 405.405 231.64 11.07 
0.159 405.405 231.58 11.07 
0.159 405.405 231.52 11.07 
0.159 405.405 231.46 11.06 
0.160 405.405 231.41 11.06 
Flow2: L=60 mm, Th=2 mm, Tmold=50 °C, Tmelt=233.33 °C, t=0.43 sec, P=9.39 Mpa 
Mold temperature: 50.00 °C 
Melt temperature: 233.33 °C 
I~ection time : 0.43 sec 
Flow rate 2. 79 cu.crn!sec 
SECT PRESS PRESS PRESS 
NUM DROP GRAD 
MPa MPa MPalm 
l) .9.50 1.90 158.16 
2) 7.61 1.90 158.28 
3) 5.71 1.90 158.39 
4) 3.81 1.90 158.50 
5) 1.90 1.90 158.61 
STRESS SHEAR TEMP COOLING 
RATE TIME 
MPa 1/s oc sec 
0.158 418.605 233.28 11.15 
0.158 418.605 233.23 11.15 
0.158 418.605 233.18 11.15 
0.159 418.605 233.14 11.14 
0.159 418.605 233.09 11.14 
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Flow 3: L=70 mm, Th=2 mm, Tmold=50 °C, Tmelt=235 °C, t=0.5 sec, P=l0.8 MPa 
Mold temperature : 50.00 oc 
Melt temperature: 235.00 oc 
Injection time : 0.50 sec 
Flow rate: 2.80 cu.cmlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPalm MPa 1/s oc sec 
1) 10.94 2.18 155.88 0.156 420.000 234.91 11.23 
2) 8.76 2.19 156.08 0.156 420.000 234.83 11.23 
3) 6.57 2.19 156.26 0.156 420.000 234.75 11.22 
4) 4.38 2.19 156.45 0.156 420.000 234.67 11.22 
5) 2.19 2.19 156.63 0.157 420.000 234.59 11.22 
Flow 4: L=80 mm, Th=2 mm, Tmold=50 °C, Tmelt=236.67 °C, t=0.57 sec, P=12.22MPa 
Mold temperature : 50.00 oc 
Melt temperature : 236.67 oc 
Injection time : 0.57 sec 
Flow rate: 2.81 cu.cm/sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPalm MPa lis oc sec 
1) 12.33 2.46 153.57 0.154 421.053 236.54 11.31 
2) 9.87 2.46 153.86 0.154 421.053 236.41 11.30 
3) 7.41 2.47 154.14 0.154 421.053 236.29 11.30 
4) 4.95 2.47 154.41 0.154 421.053 236.17 11.29 
5) 2.47 2.47 154.67 0.155 421.053 236.05 11.29 
Flow 5: L=90 mm, Th=2 mm, Tmold=50 °C, Tmelt=238.33 °C, t=0.63 sec, P=l3.63 Mpa 
Mold temperature : 50.00 oc 
Melt temperature : 238.33 oc 
Injection time : 0.63 sec 
Flow rate: 2.86 cu.cmlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPalm MPa 1/s oc sec 
1) 13.73 2.73 151.94 0.152 428.571 238.18 11.39 
2) 10.99 2.74 152.25 0.152 428.571 238.04 11.38 
3) 8.25 2.75 152.55 0.153 428.571 237.90 11.38 
4) 5.51 2.75 152.85 0.153 428.571 237.76 11.37 
5) 2.76 2.76 153.14 0.153 428.571 237.63 11.36 
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According to the above analysis using Moldflow, the following conditions were 
obtained. 
- Uniform temperature along flow, 
- Shear stress less than maximum allowable for HIPS ( 0.3 Mpa), 
- Pressure obtained by linear relationship is equal to pressure obtained using 
Moldflow analysis. 
Therefore, moldability, uniform temperature and stress conditions were achieved 
using processing parameters that were derived by linear relationships. 
Test 2. Relationships between processing parameters and flow thickness 
using HIPS as processing material 
Two basic cases were derived using Moldflow as follows: 
Case 1 L=IOO mm, Th=2 mm, Tmold=50°C, Tmelt=240°C, t=0.7 sec, P=IS.OS 
MPa 
Case 2 L=IOO mm, Th=4 mm, Tmold=50°C, Tmelt=230°C, t=0.9 sec, P=5.4 Mpa 
where: 
Material type: HIPS (Chemplex I cx30l) 
Flow type: unidirectional flow 
Optimum molding conditions of case one were derived using Moldflow program: 
Analyse a single flow 
Mold temperature : 50.00 °C 
Melt temperature : 240.00 °C 
Injection time : 0.70 sec 
Flow rate: 2.86 cu.crnlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPalm MPa lis oc sec 
1) 15.04 2.99 149.58 0.150 428.571 239.79 11.47 
2) 12.05 3.00 150.01 0.150 428.571 239.58 11.46 
3) 9.05 3.01 150.43 0.150 428.571 239.39 11.45 
4) 6.04 3.02 150.83 0.151 428.571 239.20 11.44 
5) 3.02 3.02 151.22 0.151 428.571 239.01 ll.43 
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Optimum molding conditions of case two were derived using Moldflow program: 
Mold temperature : 50.00 oc 
Melt temperature : 230.00 °C 
Injection time : 0.90 sec 
Flow rate: 4.44 cu.crn!sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa 1/s oc sec 
1) 5.40 1.08 53.78 0.108 166.667 229.89 35.59 
2) 4.32 1.08 53.87 0.108 166.667 229.78 35.57 
3) 3.24 1.08 53.96 0.108 166.667 229.67 35.55 
4) 2.16 1.08 54.05 0.108 166.667 229.56 35.53 
5) 1.08 1.08 54.14 0.108 166.667 229.45 35.52 
In the above analysis flow length was divided into five equal sections. Following the 
trial sets of parameters including melt temperature, mold temperature and injection 
time were analysed. Under an optimum set of process parameters the following 
conditions were obtained. 
- constant pressure drop along the flow, 
- uniform temperature along the flow, 
-shear stress less than maximum allowable for IllPS material (0.3 Mpa). 
Case one was obtained using trial and error to reach the above conditions. To 
determine case two, processmg parameters of case one were used as a start. 
Therefore, optimum processing parameters of case two were obtained using 
Moldflow and bringing into account the following assumptions. 
- thinner flow would require higher melt temperature, 
- thinner flow would require shorter injection time. 
241 
Subsequently linear relationships were established using case 1 and case2 as follows. 
T ~-- log ( P) 
--· 
Th 
(a) 
T =-5Th+ 250 
log(P) = -1.483 log(Th) + 1.624 
t = 0.1 Th + 0. 5 
~-----
: --
.-
log (Th1 ) log (Th2) Thl 
log (Th) 
(b) 
where 2 < Th < 4 
_. 
-
--
-
-
-
-
-
Th2 
Th 
(c) 
To test the linear relationships six different flow thickness were selected as Th={ 2.5, 
· 2.75, 3, 3.25, 3.50, 3.75} and subsequently corresponding optimum T, P, t for each 
flow obtained using linear relationships as follows. 
Flow 1: L=IOO mm, Th=2.5 mm, Tmold=50 °C, Tmelt=237.5 °C, t=0.75 sec, 
P=l0.82 Mpa 
Flow 2: L=lOO mm, Th=2.75 mm, Tmold=50 °C, Tmelt=236.25 °C, t=0.775 sec, 
P=9.4 MPa 
Flow 3: L= 100 mm, Th=3 mm, 
P=8.26 Mpa 
Tmold=50 °C, Tmelt=235 °C, t=0.8 sec, 
Flow 4: L=IOO mm, Th=3.25 mm, Tmold=50 °C, Tmelt=233.75 °C, t=0.825 sec, 
P=7.34 MPa 
Flow 5: L=IOO mm, Th=3.5 mm, Tmold=50 °C, Tmelt=232.5 °C, t=0.85 sec, 
P=6.57 MPa 
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Flow 6: L=IOO mm, Th=3.75 mm, Tmold=50 °C, Tmelt=231.25 °C, t=0.875 sec, 
P=5.94MPa 
Testing the optimum parameters obtained by linear relation using Moldflow 
Flow 1: L=IOO mm, Th=2.5 mm, Tmold=50 °C, Tmelt=237.5 °C, t=0.75 sec, P=10.82 Mpa 
Mold temperature : 50.00 oc 
Melt temperature: 237.50 °C 
Injection time : 0.75 sec 
Flow rate: 3.33 cu.crnlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOL 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa 1/s oc sec 
1) 10.64 2.12 105.84 0.132 320.000 237.29 16.34 
2) 8.53 2.12 106.15 0.133 320.000 237.09 16.32 
3) 6.40 2.13 106.45 0.133 320.000 236.89 16.31 
4) 4.28 2.13 106.74 0.133 320.000 236.70 16.30 
5) 2.14 2.14 107.03 0.134 320.000 236.51 16.28 
Flow 2: L=100 mm, Th=2.75 mm, Tmold=50 °C, Tmelt=236.25 °C, t=0.775 sec, P=9.4Mpa 
Mold temperature : 50.00 oc 
Melt temperature : 236.25 oc 
Injection time : 0.77 sec 
Flow rate: 3.55 cu.crnlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa 1/s oc sec 
1) 9.22 1.83 91.71 0.126 281.525 236.06 19.07 
2) 7.39 1.84 91.97 0.126 281.525 235.87 19.06 
3) 5.55 1.84 92.21 0.127 281.525 235.68 19.04 
4) 3.70 1.85 92.46 0.127 281.525 235.50 19.03 
5) 1.85 1.85 92.70 0.127 281.525 235.33 19.02 
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Flow 3: L=lOO mm, Th=3 mm, Tmold=50 °C, Tmelt=235 °C, t=0.8 sec, P=8.26 Mpa 
Mold temperature : 50.00 oc 
Melt temperature : 235.00 oc 
Injection time : 0.80 sec 
Flow rate: 3.75 cu.crnlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa lis oc sec 
1) 8.11 1.61 80.67 0.121 250.000 234.82 22.01 
2) 6.49 1.62 80.88 0.121 250.000 234.65 21.99 
3) 4.88 1.62 81.08 0.122 250.000 234.48 21.97 
4) 3.26 1.63 81.28 0.122 250.000 234.32 21.96 
5) 1.63 1.63 81.48 0.122 250.000 234.15 21.94 
Flow 4: L=lOO mm, Th=3.25 rnrn, Tmold=50 °C, Tmelt=233.75 °C, t=0.825 sec, P=7.34 Mpa 
Mold temperature : 50.00 oc 
Melt temperature : 233.75 oc 
Injection time : 0.82 sec 
Flow rate: 3.94 cu.crnlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa lis oc sec 
1) 7.22 1.44 71.85 0.117 223.776 233.59 25.13 
2) 5.78 1.44 72.02 0.117 223.776 233.43 25.11 
3) 4.34 1.44 72.18 0.117 223.776 233.28 25.09 
4) 2.90 1.45 72.35 0.118 223.776 233.13 25.07 
5) 1.45 1.45 72.51 0.118 223.776 232.98 25.06 
Flow 5: L=lOO rnm, Th=3.5 rnm, Tmold=50 °C, Tmelt=232.5 °C, t=0.85 sec, P=6.58 Mpa 
Mold temperature : 50.00 oc 
Melt temperature : 232.50 oc 
Injection time : 0.85 sec 
Flow rate: 4.12 cu.crnlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa 1/s oc sec 
1) 6.49 1.29 64.67 0.113 201.681 232.36 28.43 
2) 5.20 1.30 64.81 0.113 201.681 232.22 28.41 
3) 3.90 1.30 64.95 0.114 201.681 232.08 28.40 
4) 2.61 1.30 65.08 0.114 201.681 231.94 28.38 
5) 1.30 1.30 65.21 0.114 201.681 231.81 28.36 
244 
Flow 6: L=lOO mm, Th=3.75 mm, Tmold=50 °C, Tmelt=231.25 °C, t=0.875 sec, P=5.94 Mpa 
Mold temperature : 50.00 oc 
Melt temperature : 231.25 oc 
Injection time : 0.88 sec 
Flow rate: 4.29 cu.cm/sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa 1/s oc sec 
1) 5.90 1.17 58.74 0.110 182.857 231.12 31.92 
2) 4.72 1.18 58.85 0.110 182.857 231.00 31.90 
3) 3.54 1.18 58.97 0.111 182.857 230.87 31.89 
4) 2.37 1.18 59.08 0.111 182.857 230.75 31.87 
5) 1.18 1.18 59.19 0.111 182.857 230.63 31.85 
According to the above analysis using Moldflow, the following conditions were 
obtained. 
-Uniform temperature along flow, 
-Shear stress less than maximum allowable for HIPS (0.3 Mpa), 
- Pressure obtained by linear relationship is equal to pressure obtained using 
Moldflow analysis. 
Therefore, moldability, uniform temperature and stress conditions \\:'ere achieved 
using processing parameters that were derived by linear relationships. 
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Test 3. Linear relations between processing parameters and flow length using 
acrylic as processing material 
Two basic cases were derived using Moldflow as follows: 
Case 1 L=40 mm, Th=2 mm, Tmold=70°C, Tmelt=260°C, t=0.29sec, P=IO.Ol MPa 
Case 2 L=IOO mm, Th=2 mm, Tfnold=75°C, Tmelt=265°C, t=0.68sec, P=22.96 
Mpa 
where: 
Material type: acrylic (Rohmhaas I RhlOI) 
Flow type: unidirectional flow 
Subsequently linear relationships were established using easel and case2 as follows. 
265 ················~:.::..·..:ec2 
260 ~.~ .• ,"' ... - : 
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To test the linear relationships five different flow length were selected as L={ 50, 60, 
70, 80, 90} and subsequently corresponding optimum T, P, t for each flow obtained 
using linear relationships as follows. 
Flow 1: L=50 mm, Th=2 mm, Tmold=70.83 °C, Tmelt=260.83 °C, t=0.35 sec, 
P=12.17 MPa 
Flow 2: L=60 mm, Th=2 mm, Tmold=71.67 °C, Tmelt=261.67 °C, t=0.42 sec, 
P=14.33 MPa 
Flow 3: L=70 mm, Th=2 mm, Tmold=72.5 °C, Tmelt=262.5 °C, t=0.485 sec, 
P= 16.485 MPa 
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Flow 4: L=80 mm, Th=2 mm, Tmold=73.33 °C, Tmelt=263.33 °C, t=0.55 sec, 
P=l8.64 MPa 
Flow 5: L=90 mm, Th=2 mm, Tmold=74.17 °C, Tmelt=264.17 °C, t=0.615 sec, 
P=20.8 Mpa 
Testing the optimum parameters obtained by linear relation using Moldflow 
Flow 1: L=50 mm, Th=2 rum, Tmold=70.83 °C, Tmelt=260.83 °C, t=0.35 sec, P=12.17 Mpa 
Mold temperature : 70.83 oc 
Melt temperature : 260.83 oc 
Injection time : 0.35 sec 
Flow rate: 2.86 cu.crnlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPalm MPa lis oc sec 
1) 12.13 2.43 242.80 0.243 428.571 260.85 13.81 
2) 9.70 2.43 242.67 0.243 428.571 260.87 13.81 
3) 7.27 2.43 242.54 0.243 428.571 260.89 13.81 
4) 4.85 2.42 242.41 0.242 428.571 260.91 13.81 
5) 2.42 2.42 242.29 0.242 428.571 260.92 13.81 
Flow 2: L=60 mm, Th=2 mm, Tmold=71.67 °C, Tmelt=261.67 °C, t=0.42 sec, P=14.33 Mpa 
Mold temperature : 71.67 oc 
Melt temperature : 261.67 oc 
Injection time : 0.42 sec 
Flow rate: 2.86 cu.crnlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPalm MPa lis oc sec 
1) 14.39 2.88 239.94 0.240 428.571 261.68 13.98 
2) 11.51 2.88 239.87 0.240 428.571 261.69 13.98 
3) 8.63 2.88 239.79 0.240 428.571 261.70 13.98 
4) 5.75 2.88 239.72 0.240 428.571 261.71 13.98 
5) 2.88 2.88 239.66 0.240 428.571 261.72 13.99 
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Flow 3: L=70 mm, Th=2 mm, Tmold=72.5 °C, Tmelt=262.5 °C, t=0.485 sec, P=l6.485 MPa 
Mold temperature : 72.50 oc 
Melt temperature : 262.50 oc 
Injection time : 0.49 sec 
Flow rate: 2.89 cu.crn!sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPalm MPa lis oc sec 
1) 16.63 3.33 237.73 0.238 432.990 262.51 14.16 
2) 13.30 3.33 237.63 0.238 432.990 262.53 14.16 
3) 9.97 3.33 237.53 0.238 432.990 262.54 14.16 
4) 6.65 3.32 237.45 0.237 432.990 262.56 14.16 
5) 3.32 3.32 237.36 0.237 432.990 262.57 14.16 
Flow 4: L=80 mm, Th=2 mm, Tmold=73.33 °C, Tmelt=263.33 °C, t=0.55 sec, P=l8.64 MPa 
Mold temperature : 73.33 oc 
Melt temperature : 263.33 oc 
Injection time : 0.55 sec 
Flow rate: 2.91 cu.crn!sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPalm MPa lis oc sec 
1) 18.80 3.76 235.19 0.235 436.364 263.34 14.34 
2) 15.04 3.76 235.11 0.235 436.364 263.36 14.34 
3) 11.28 3.76 235.02 0.235 436.364 263.37 14.34 
4) 7.52 3.76 234.95 0.235 436.364 263.38 14.34 
5) 3.76 3.76 234.87 0.235 436.364 263.39 14.34 
Flow 5: L=90 mm, Th=2 mm, Tmold=74.17 °C, Tmelt=264.17 °C, t=0.615sec, P=20.8 MPa 
Mold temperature : 74.17 oc 
Melt temperature : 264.17 oc 
Injection time : 0.62 sec 
Flow rate: 2.93 cu.crnlsec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPalm MPa lis oc sec 
1) 20.91 4.18 232.38 0.232 439.024 264.18 14.53 
2) 16.72 4.18 232.34 0.232 439.024 264.18 14.53 
3) 12.54 4.18 232.30 0.232 439.024 264.19 14.53 
4) 8.36 4.18 232.27 0.232 439.024 264.19 14.53 
5) 4.18 4.18 232.24 0.232 439.024 264.20 14.53 
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According to the above analysis using Moldflow, the following conditions were 
obtained. 
- Uniform temperature along flow, 
-Shear stress less than maximum allowable for acrylic (0.4 Mpa), 
- Pressure obtained by linear relationship is equal to pressure obtained using 
Moldflow analysis. 
Therefore, moldability, uniform temperature and stress conditions were achieved 
using processing parameters that were derived by linear relationships. 
Test 4.1 Relationships between processing parameters and flow thickness 
(where, 2 mm <Th< 4 mm)using acrylic as processing material 
Two basic cases were derived using Moldflow as follows: 
Case 1 L=IOO mm, Th=2 mm, Tmold=75°C, Tmelt=265°C, t=0.68 sec, P=22.96 
MPa 
Case 2 L=IOO mm, Th=4 mm, Tmold=55°C, Tmelt=260°C, t=0.8 sec, P=8.3 Mpa 
where: 
Material type: acrylic (Rohmhaas I Rh 101) 
Flow type: unidirectional flow 
Subsequently linear relationships were established using easel and case2 as follows. 
T log ( P) •-- .... 
--
-
--
-. --
--· 
-
-
.-
Tht Th2 log (Tht ) log (Th2) Tht Th2 
Th log (Th) Th 
(a) (b) (c) 
To test the linear relationships seven different flow thickness were selected as Th={ 
2.25, 2.5, 2.75, 3, 3.25, 3.50, 3.75} and subsequently corresponding optimum T, P, t 
for each flow obtained using linear relationships as follows. 
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Flow 1: L=IOO rnm, Th=2.25 mm, Tmold=72.5 °C, Tmelt=264.37 °C, t=0.69 sec, 
P=l9.31 Mpa 
Flow 2: L=IOO rnm, Th=2.5 mm, Tmold=70 °C, Tmelt=263.75 °C, t=0.71 sec, 
P=l6.55 Mpa 
Flow 3: L=IOO rnm, Th=2.75 mm, Tmold=67.5 °C, Tmelt=263.125 °C, t=0.725 sec, 
P=14.39 MPa 
Flow 4: L=IOO mm, Th=3 mm, 
P=12.66 Mpa 
Tmold=65 °C, Tmelt=262.5 °C, t=0.74 sec, 
Flow 5: L=IOO rnm, Th=3.25 mm, Tmold=62.5 °C, Tmelt=261.87 °C, t=0:75 sec, 
P=11.26 MPa 
Flow 6: L=IOO mm, Th=3.5 mm, Tmold=60 °C, Tmelt=261.25 °C, t=0.77 sec, 
P=IO.l MPa 
Flow 7: L=IOO rnm, Th=3.75 mm, Tmold=57.5 °C, Tmelt=260.62 °C, t=0.78 sec~ 
P=9.12 MPa 
Testing the optimum parameters obtained by linear relation using Moldflow 
Flow 1: L=IOO mm, Th=2.25 mm, Tmold=72.5 °C, Tmelt=264.37 °C, t=0.69 sec, P=19.31 
Mpa 
Mold temperature : 72.50 oc 
Melt temperature : 264.37 oc 
Injection time : 0.69 sec 
Flow rate: 3.26 cu.cm/sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa lis oc sec 
1) 19.16 3.83 191.29 0.215 386.473 264.34 17.25 
2) 15.33 3.83 191.45 0.215 386.473 264.31 17.25 
3) 11.50 3.83 191.60 0.216 386.473 264.28 17.25 
4) 7.67 3.83 191.74 0.216 386.473 264.26 17.25 
5) 3.84 3.84 191.88 0.216 386.473 264.23 17.24 
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Flow 2: L=lOO mm, Th=2.5 mm, Trnold=70 °C, Tmelt=263.75 °C, t=0.7l sec, P=l6.55 Mpa 
Mold temperature : 70.00 oc 
Melt temperature : 263.75 oc 
Injection time : 0.71 sec 
Flow rate: 3.52 cu.cm/sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPalm MPa 1/s oc sec 
1) 16.30 3.25 162.48 0.203 338.028 263.69 19.92 
2) 13.05 3.26 162.76 0.203 338.028 263.63 19.91 
3) 9.80 3.26 163.02 0.204 338.028 263.57 19.91 
4) 6.54 3.27 163.28 0.204 338.028 263.52 19.90 
5) 3.27 3.27 163.52 0.204 338.028 263.46 19.90 
Flow 3: L=100 mm, Th=2.75 mm, Trnold=67.5 °C, Tmelt=263.125 °C, t=0.725 sec, P=14.39 Mpa 
Mold temperature : 67.50 oc 
Melt temperature : 263.13 oc 
Injection time : 0.73 sec 
Flow rate: 3.79 cu.cm/sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPalrn MPa 1/s oc sec 
1) 14.14 2.82 140.90 0.194 300.940 263.06 22.70 
2) 11.32 2.82 141.16 0.194 300.940 262.99 22.69 
3) 8.50 2.83 141.42 0.194 300.940 262.92 22.69 
4) 5.67 2.83 141.67 0.195 300.940 262.86 22.68 
5) 2.84 2.84 141.91 0.195 300.940 262.80 22.68 
Flow 4: L=100 mm, Th=3 mm, Trnold=65 °C, Tmelt=262.5 °C, t=0.74 sec, P=12.66 Mpa 
Mold temperature : 65.00 oc 
Melt temperature : 262.50 oc 
Injection time : 0.74 sec 
Flow rate: 4.05 cu.cm/sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPalm MPa lis oc sec 
1) 12.45 2.48 124.02 0.186 270.270 262.43 25.59 
2) 9.97 2.49 124.26 0.186 270.270 262.36 25.58 
3) 7.48 2.49 124.49 0.187 270.270 262.29 25.57 
4) 4.99 2.49 124.72 0.187 270.270 262.23 25.56 
5) 2.50 2.50 124.94 0.187 270.270 262.17 25.56 
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Flow 5: L=IOO mm, Th=3.25 mm. Tmold=62.5 °C, Tmelt=26l.87 °C, t=0.75 sec, P=ll.26 MPa 
Mold temperature : 62.50 oc 
Melt temperature : 261.87 oc 
Injection time : 0.75 sec 
Flow rate: 4.33 cu.cm/sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa lis oc sec 
1) 11.11 2.22 110.77 0.180 246.154 261.81 28.57 
2) 8.90 2.22 110.96 0.180 246.154 261.75 28.56 
3) 6.68 2.22 111.14 0.181 246.154 261.69 28.55 
4) 4.46 2.23 111.32 0.181 246.154 261.63 28.55 
5) 2.23 2.23 111.49 0.181 246.154 261.58 28.54 
Flow 6: L=100 mm, Th=3.5 mm, Tmold=60 °C, Tmelt=261.25 °C, t=0.77 sec, P=10.1 MPa 
Mold temperature : 60.00 oc 
Melt temperature : 261.25 oc 
Injection time : 0.77 sec 
Flow rate: 4.55 cu.cm/sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa 1/s oc sec 
1) 9.99 1.99 99.52 0.174 222.635 261.18 31.63 
2) 8.00 1.99 99.70 0.174 222.635 261.12 31.63 
3) 6.00 2.00 99.88 0.175 222.635 261.05 31.62 
4) 4.01 2.00 100.06 0.175 222.635 260.99 31.61 
5) 2.00 2.00 100.23 0.175 222.635 260.93 31.60 
Flow 7: L=100 mm, Th=3.75 mm, Tmold=57.5 °C, Tmelt=260.62 °C, t=0.78 sec, P=9.12 Mpa 
Mold temperature : 57.50 oc 
Melt temperature : 260.62 oc 
Injection time : 0.78 sec 
Flow rate: 4.81 cu.cm/sec 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa lis oc sec 
1) 9.09 1.81 90.61 0.170 205.128 260.56 34.78 
2) 7.28 1.82 90.75 0.170 205.128 260.51 34.77 
3) 5.46 1.82 90.89 0.170 205.128 260.45 34.77 
4) 3.64 1.82 91.03 0.171 205.128 260.40 34.76 
5) 1.82 1.82 91.16 0.171 205.128 260.35 34.75 
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According to the above analysis using Moldflow, the following conditions were 
obtained. 
-Uniform temperature along flow, 
- Shear stress less than maximum allowable for Acrylic ( 0.4 Mpa), 
- Pressure obtained by linear relationship is equal to pressure obtained using 
Moldflow analysis. 
Therefore, moldability, uniform temperature and stress conditions were achieved 
using processing parameters that were derived by linear relationships. 
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Test 4.2 Relationships between processing parameters and flow thickness 
(where, 1 mm <Th< 2 mm) using acrylic as processing material 
Two basic cases were derived using Moldflow as follows: 
Case I: L=IOO mm, Th=lmm, Tmold=80°C, Tmelt=275°C, t=0.6 sec, 
P=61. 04 MPa. 
Case2: L=IOO mm, Th=2 mm, Tmold=75°C, Tmelt=265°C, t=0.68 sec, 
P=22. 96 MPa. 
where: 
Material type: acrylic (Rohmhaas I RhlOl) 
Flow type: unidirectional flow 
Optimum molding conditions derived for case one using Moldflow program : . 
Mold temperature : 80.00 oc 
Melt temperature : 275.00 oc 
Injection time 0.60 sec 
Flow rate 1.67 cu.crnls 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPalm MPa lis oc sec 
1) 61.04 12.41 620.32 0.310 1000.000 275.35 5.83 
2) 48.63 12.29 614.52 0.307 1000.000 275.64 5.84 
3) 36.34 12.19 609.64 0.305 1000.000 275.90 5.84 
4) 24.15 12.11 605.53 0.303 1000.000 276.11 5.85 
5) 12.04 12.04 602.05 0.301 1000.000 276.29 5.85 
Optimum molding conditions derived for case two using Moldflow program : 
Mold temperature : 75.00 oc 
Melt temperature : 265.00 oc 
Injection time 0.68 sec 
Flow rate 2.94 cu.crnls 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa MPa/m MPa lis oc sec 
1) 22.96 4.59 229.48 0.229 441.176 264.99 14.71 
2) 18.37 4.59 229.52 0.230 441.176 264.99 14.71 
3) 13.78 4.59 229.56 0.230 441.!76 264.98 14.71 
4) 9.18 4.59 229.59 0.230 441.176 264.98 14.71 
5) 4.59 4.59 229.63 0.230 44l.l76 264.97 14.71 
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In the above analysis flow length was divided into five equal sections. Following the 
trial sets of parameters including melt temperature, mold temperature and injection 
time were analysed. Under an optimum set of process parameters the following 
conditions were obtained. 
-constant pressure drop along the flow, 
- uniform temperature along the flow, 
-shear stress less than maximum allowable for acrylic material (0.4 Mpa). 
Case one was obtained using trial and error to reach the above conditions. To 
determine case two, processmg parameters of case one were used as a start. 
Therefore, optimum processing parameters of case two were obtained using 
Moldflow and bringing into account the following assumptions. 
- thinner flow would require higher melt temperature, 
- thinner flow would require shorter injection time. 
Subsequently linear relationships were established usmg case 1 and case2 as 
follows. 
T ~-- log ( P) •-- -_. 
-
-
--
---
--. -
-
-
-
--· .-
-
Th1 Th2 log (Th1) log (Th2) Th1 Th2 
Th log (Th) Th 
(a) (b) (c) 
To· test the linear relationships three different flow thickness were selected as 
Th={1.25, 1.50, 1.75} and subsequently corresponding optimum T, P, t for each flow 
obtained using linear relationships as follows. 
Flow 1: L=IOO mm, Th=l.25mm, Tmold=78.75°C, Tmelt=272.5°C, t=0.62 sec, 
P=44. 56 MPa. 
Flow 2: L=100 mm, Th=1.5mm, Tmold=77.5°C, Tmelt=270°C, t=0.64 sec, 
P=34.45 MPa. 
255 
Flow 3: L=IOO mm, Th=1.75mm, Tmold=76.25°C, Tmelt=267.5°C, t=0.66 sec, 
P=27. 72 MPa. 
Testing the optimum parameters obtained by linear relation using Moldflow 
Flow 1: L=lOO mm, Th=l.25mm, Tmold=78.75°C, Tmelt=272.5°C, t=0.62 sec, P=44.56 MPa. 
Flow Number 1 
Mold temperature : 78.75 oc 
Melt temperature : 272.50 oc 
Injection time : 0.62 sec 
Flow rate 2.02 cu.cm/s 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP COOLING 
NUM DROP GRAD RATE TIME 
MPa MPa 
1) 43.54 8.71 
2) . 34.83 8.71 
3) 26.12 8.71 
4) 17.41 8.71 
5) 8.71 8.71 
MPa/m MPa 
435.39 0.272 
435.38 0.272 
435.36 0.272 
435.35 0.272 
435.33 0.272 
1/s 
774.194 
774.194 
774.194 
774.194 
774.194 
oc 
272.50 
272.50 
272.50 
272.50 
272.51 
sec 
7.74 
7.74 
7.74 
7.74 
7.74 
Flow 2: L=lOO mm, Th=Umm, Tmold=77.5°C, Tmelt=270°C, t=0.64 sec, P=34.45 MPa. 
Flow Number 1 
Mold temperature : 77.50 °C 
Melt temperature: 270.00 °C 
Injection time : 0.64 sec 
Flow rate 2.34 cu.cm/s 
SECT PRESS PRESS PRESS STRESS SHEAR TEMP 
NUM DROP GRAD RATE 
MPa tvfi>a MPa/m MPa 1/s oc 
1) 33.48 6.67 333.69 0.250 625.000 269.93 
2) 26.81 6.69 334.30 0.251 625.000 269.87 
3) 20.12 6.70 334.86 0.251 625.000 269.81 
4) 13.42 6.71 335.38 0.252 625.000 269.76 
5) 6.72 6.72 335.85 0.252 625.000 269.72 
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COOLING 
TIME 
sec 
9.87 
9.87 
9.87 
9.87 
9.86 
Flow 3: L=IOO mm, Th=l.75mm, Tmold=76.25°C, Tmelt=267.5°C, t=0.66 sec, P=27.72 MPa. 
Flow Number l 
Mold temperature : 76.25 oc 
Melt temperature: 267.50 oc 
Injection time : 0.66 sec 
Flow rate 2.65 cu.cm/s . 
SECT PRESS PRESS PRESS 
NUM DROP GRAD 
MPa MPa MPa/m 
1) 27.18 5.42 271.09 
2) 21.76 5.43 271.45 
3) 16.33 5.44 271.80 
4) 10.89 5.44 272.12 
5) 5.45 5.45 272.41 
STRESS SHEAR TEMP COOLING 
RATE TIME 
MPa 1/s oc sec 
0.237 519.481 267.45 12.20 
0.238 519.481 267.40 12.20 
0.238 519.481 267.36 12.20 
0.238 519.481 267.32 12.20 
0.238 519.481 267.28 12.19 
According to the above analysis using Moldflow, the following conditions were 
obtained. 
-Uniform temperature along flow, 
- Shear stress less than maximum allowable for Acrylic ( 0.4 Mpa), 
- Pressure obtained by linear relationship is equal to pressure obtained using 
Moldflow analysis. 
Therefore, moldability, uniform temperature and stress conditions were achieved 
using processing parameters that were derived by linear relationships. 
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